CAMBRIDGE  UNIV  (ENGLAND)  CAVENDISH  LAB  F/6  20/12 

CARRIER  LOCALISATION  IN  INVERSION  LAYERS  AND  IMPURITY  BANDS, (U) 

NOV  81  M  PEPPER  DA-ER0-78-6-098 

NL 


bA1126?3 


CARRIER  LOCALISATION  IN  INVERSION  LAYERS 
AND  IMPURITY  BANDS 


ANNUAL  TECHNICAL  REPORT 


M.  PEPPER 


November  1981 


EUROPEAN  RESEARCH  OFFICE 
United  States  Army 
London  England 


Grant  Number  DA-ERO  -  78-G-098 


GR:  Cavendish  Laboratory 
Department  of  Physics 
University  of  Cambridge 
Cambridge 
CB3  OHE 
U.K. 


Approved  for  Public  Release  :  distribution  unlimited 


UNCLASSIFIED _ 

SECURITY  CLASSIFICATION  OF  THIS  PAGE  fHTian  D.i.  F.ner.d) 


R&D  2596- EE 


REPORT  DOCUMENTATION  PAGE 

READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 

'  REPORT  NUMBER  2.  GOVT  ACCESSION  NO. 

3  RECIPIENT'S  CATALOG  NUMBER 

4,  TITLE  (and  Subtitle) 

Carrier  Localisation  in  Inversion^Layers 
and  Impurity  Bands 

S.  TYPE  OF  REPORT  A  PERIOD  COVERED 

Final  Technical  Report 

1  Sept  78  -  30  Nov  81 

6.  PERFORMING  ORG.  REPORT  NUMBER 

7.  AUTHORfaJ 

M.  Pepper 

8.  CONTRACT  OR  GRANT  NUMBERf.J 

DA- ERO- 7  8- G- 098 

».  PERFORMING  ORGANIZATION  NAME  ANO  ADDRESS 

Cavendish  Laboratory 

Department  of  Physics 

University  of  Cambridge,  Cambridge,  UK. 

10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  A  WORK  UNIT  NUMBERS 

6.11. 02A 

1T161102BH57- 03 

•  1.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

US ARDS G- UK 

Box  65 

FPO  NY  09510 

12.  REPORT  DATE 

November  1981 

13.  NUMBER  OF  PAGES 

10 

14.  MONITORING  AGENCY  NAME  A  AODRESS (It  dllltront  from  Controlling  Olllct) 

IS.  SECURITY  CLASS,  (o/  I  Jilt  report) 

Unclassified 

IS*.  DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  (ol  iMi  Rapa rt) 

Approved  for  Public  Release;  distribution  unlimited 

17.  DISTRIBUTION  STATEMENT  (of  fh •  abstract  entered  tn  Block  20,  ft  different  from  Report) 

18.  SUPPLEMENTARY  NOTES 

19.  KEY  WORDS  (Continus  on  reverse  elde  it  nacaaaary  and  identity  by  block  number) 

transport  in  semiconductors 
two  dimensional  transport 

Si  inversion  layers 
electron  localisation 

\  plectron-electron  scattering  in  Si  and  GaAs  /contd. 

20^BSTRACT  (Continue  on  reveree  ttdo  It  necooeory  and  identify  by  block  number) 

This  report  is  principally  concerned  with  our  work  on  the  physics  of 
transport  in  two  dimensional  systems.  We  show  that  the  logarithmic 
corrections  to  the  conductance  of  Si  inversion  layers  arise  from 
both  interaction  and  localization  effects.  Application  of  a  magnetic 
field  suppresses  localization  and  enhances  the  role  of  interactions. 

At  certain  values  of  magnetic  field  both  effects  can  be  present, 
but  with  a  different  stability  against  increasing  temperature. 
Consequently,  heating  the  electron  ens  with  an  electric  field  alines 

DD  IjAN^J  1473  COITION  OF  I  NOV  «S  1$  OBSOLETE 

S/N  01 02- LF -01  4-6601 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAOC  fWtlFn  !>«•  Brl.r.1) 


UNCLASSIFIED 


security  classification  of  this  pace  Wim  d«<  em*r*« 


0 .  Contd . 


the  observation  of  a  transition  between  them.  Decreasing  elastic 
scattering  decreases  the  magnetic  field  required  to  suppress 
localization,  as  the  enhancement  of  the  interaction  effect  arises 
from  spin  a  clear  separation  is  obtained  between  the  mechanisms. 

/v 

The  electron- electron  scattering  rate  has  been  investigated  and  ' 
it  is  found  that  quantum  corrections  produce  a  deviation  from  the 
Landau- Baber  law.  We  have  also  proposed  the  dependence  of  the 
conductance  on  a  universal  length. 

Similar  experiments  are  reported  on  GaAs  and  further  work  on  the 
conductance  oscillations  are  described.  Standard  commercial  GaAs 
FET!s  exhibit  the  oscillations  but  the  clear  periodicity  is  not 
always  present,  possibly  this  is  related  to  the  "dirtiness"  of  the 
system. 


X 

/  0  1 1  c  \ 


Accession  For 

NTIS  CRAfcl 
DTIC  TAB 
Unaanouacad 
Justif lcatloa. 


19 .  contd . 


conductance  oscillations  in  GaAs 


By - , - — 

Distribution/ _ 

A ▼•liability  Cod«B^ 
Avail  anA/or-^ 
Dist  Spaolal 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGEf*Tl»n  £>«•  Enf*r*« 


Abstract 


This  report  is  principally  concerned  with  o-r  work  on  the  physics  of 
transport  in  two  dimensional  systems.  We  show  that  the  logarithmic 
corrections  to  the  conductance  of  Si  inversion  layers  arise  from  both 
interaction  and  localization  effects .  Application  of  a  magnetic  field 
suppresses  localization  and  enhances  the  role  of  interactions.  At 
certain  values  of  magnetic  field  both  effects  can  be  present,  but  with 
a  different  stability  against  increasing  temperature.  Consequently, 
heating  the  electron  gas  with  an  electric  field  allows  the  observation 
of  a  transition  between  them.  Decreasing  elastic  scattering  decreases 
the  magnetic  field  required  to  suppress  localization,  as  the  enhancement 
of  the  interaction  effect  arises  from  spin  a  clear  separation  is  obtained 
between  the  mechanisms. 

The  electron-electron  scattering  rate  has  been  investigated  and 
it  is  found  that  quantum  corrections  produce  a  deviation  from  the 
Landau-Baber  t2  law.  We  have  also  proposed  the  dependence  of  the  conduct¬ 
ance  on  a  universal  length. 

Similar  experiments  are  reported  on  GaAs  and  further  work  on  the 
conductance  oscillations  is  described.  Standard  commercial  GaAs  FET's 
exhibit  the  oscillations  but  the  clear  periodicity  is  not  always  present, 
possibly  this  is  related  to  the  "dirtiness"  of  the  system. 
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Introduction 


This  report  is  the  final  technical  report  of  this  particular 
grant.  During  its  term  extensive  progress  was  made  in  understanding 
two  dimensional  transport.  The  conductance  oscillations  were  found 
and  it  was  shown  that  ballistic  injection  into  semiconductors  was  a 
very  useful  method  of  investigating  phonons  and  inelastic  scattering 
in  semiconductors.  It  was  also  shown  that  spin  dependent  recombination 
could  be  applied  to  gate  controlled  Si  p-n  junctions  and  the  g 

value  of  the  centres  was  determined. 

In  this,  the  final  report  of  the  present  grant,  roost  attention 
is  devoted  to  the  problem  of  logarithmic  corrections  in  two 
dimensional  transport;  essentially,  the  physics  of  this  problem  is 
now  understood  very  well. 


Localisation  in  Two  Dimensional  Systems 


We  have  investigated  the  validity  of  theorems  claiming  that  true 
diffusion  does  not  occur  in  two  dimensions  (2D) .  It  was  initially 
suggested  by  Abrahams  et  al.1  that  all  states  in  two  dimensions  are 
weakly  localised.  (The  quantum  analogy  of  Polya's2  theorem  (1921), 
that  a  random  walker  in  two  dimensions  will  always  return  to  the 
origin  as  the  system  size  is  increased) .  The  conclusion  of  Abrahams 
et  al.  has  since  been  reached  by  other  theorists3 ,1+ .  In  the  weak 
scattering  limit  it  is  suggested  that  the  conductance  of  a  2D  system 
is  given  by 

°  =  °o  “  rrfe  •en(L/'e)  •  (1) 

Here  oQ  is  the  normal  conductance,  nex/m’  (x  is  the  mean  free  time  for 
scattering  and  m  is  the  effective  mass) ,  a  is  a  constant  having  a  value 
of  unity  or  half  depending  on  the  extent  of  spin  scattering.  L  is  the 
system  size  which  is  the  specimen  length  at  absolute  zero,  and  at 
finite  temperatures  is  the  distance  an  electron  diffuses  before  being 
scattered  into  another  state.  The  inelastic  scattering  which  is 
responsible  for  this  process  is  electron-electron  scattering  which  at 
low  temperatures  dominates  over  electron-phonon  scattering.  L  can  be 
defined  as  L  =  (Vt  where  &  and  are  the  elastic  and  inelastic 

mean  free  paths'  respectively,  &  =  vFx  where  VF  is  the  Fermi  velocity. 

As  L  will  vary  as  T^,  where  T  is  the  temperature  and  p  an 
appropriate  power  (p  =  2  according  to  Landau-Baber  theory)  the 
conductivity  correction  becomes 

^  T  •  (2) 


Another  theory  which  predicts  a  logarithmic  temperature  dependence  was 
proposed  by  Altshuler,  Aronov  and  Lee5'6.  These  authors  had 
incorporated  the  effects  of  elastic  scattering,  and  broadening  of  the 
electron  energy,  into  Fermi  liquid  theory.  They  find  a  conductance 
correction,  o,  given  by 


a 


(2  -  2F)ln  T 


(3) 


where  F  is  a  factor  arising  from  screening  which  is  near  unity  for  low 


values  of  carrier  concentration  and  tends  to  zero  as  the  carrier 
concentration  increases.  Thus,  if  F  is  zero  and  ap  =  1,  there  is 
no  difference  between  the  predictions  of  the  two  theories,  equations 
3  and  2.  However,  the  theories  of  the  magneto-resistance  and  Hall 
effect  indicate  that  here  the  behaviour  will  be  very  different  in  the 
two  cases5'6'7.  It  is  suggested  that  in  the  localization  regime  the 
Hall  mobility  will  have  the  same  temperature  dependence  as  the 
conductance,  i.e.  decreasing  logarithmically  with  temperature.  On 
the  other  hand,  for  the  interaction  regime  theory  predicts  that  the 
Hall  constant  RH  varies  as 


i.e.  the  carrier  concentration  decreases  at  twice  the  rate  of  the 
conductance,  implying  a  Hall  mobility  which  increases  logarithmically 
as  the  temperature  decreases.  In  the  localisation  regime  the  effect 
of  a  magnetic  field  is  to  decrease  the  scale  length  of  the  system, 
reducing  the  conductance  correction  and  giving  a  negative  magneto¬ 
resistance.  Initially  then  it  was  thought  that  there  was  no  magneto¬ 
resistance  in  the  interaction  regime,  but  this  conclusion  was 
subsequently  modified. 

The  first  experimental  results  on  inversion  layers  and  metal 
films  indicated  the  existence  of  the  logarithmic  correction,  but  it 
was  not  clear  which  mechanism  was  responsible.  The  paper  of  Uren, 
Davies  and  Pepper  showed  that  both  mechanisms  were  present,  the 
abstract  of  this  paper  is  now  reproduced. 

"The  observation  of  interaction  and  localisation  effects  in 
a  two  dimensional  electron  gas  at  low  temperature" , 

-  M.J.  Uren,  R.A.  Davies  and  M.  Pepper,  J.  Phys.  C13 ,  L985,  1980. 


Abstract 

We  have  investigated  the  logarithmic  regime  of  transport  of 
the  two  dimensional  electron  gas  in  the  Si  inversion  layer  between 
•05K  and  IK.  There  was  little  band  tailing  in  the  specimens  used,  and 
it  was  possible  to  achieve  the  kF£  ml  condition  at  carrier  concentra¬ 
tions  as  low  as  m2. 10^  5  m-2.  The  behaviour  of  the  conductance  and  Hall 
effect  suggest  that  in  the  presence  of  a  magnetic  field  the  logarithmic 
corrections  are  caused  by  the  electron-electron  interaction.  In 
particular,  we  confirm  the  prediction  of  this  theory  that  the  Hall 
coefficient  varies  at  twice  the  rate  of  the  resistance.  However,  at 
zero,  or  low  values  of,  magnetic  field  it  appears  that  the  transport 
behaviour  arises  fro.j  localisation  rather  than  interactions.  At 
particular  values  of  magnetic  field  these  two  mechanisms  are  both 
present,  but  have  a  different  stability  against  an  increase  in  temperature. 
Consequently,  at  a  constant  lattice  temperature,  it  is  possible  to 
observe  a  transition  between  them  as  the  electron  temperature  is 
increased  with  an  electric  field. 


This  paper  resolved  the  problem  by  showing  that  both  theories  were 
correct,  the  essential  feature  of  the  inversion  layer  being  that 
because  the  values  of  carrier  concentration  were  low,  mlo*2  cm~2,  F 
was  m  o.9.  Consequently,  the  interaction  mechanism  was  not  observed 
in  the  absence  of  a  magnetic  field.  It  was  subsequently  theoretically 
shown  that  a  magnetic  field  enhanced  the  interaction  effect  by  converting 
(2  -  2F)  in  equation  (3)  into  (2  -  F) . 
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The  existence  of  the  logarithmic  correction,  typically  7%  per 
decade  of  temperature,  allows  the  measurement  of  the  electron 
temperature  as  a  function  of  applied  electric  field.  This  is  one  of 
the  few  methods  of  finding  the  electron  temperature  of  a  metallic 
system.  As  Anderson  and  co-workers8  have  shown,  plotting  the 
dependence  of  applied  electron  temperature  on  electric  field  allows 
the  determination  of  the  temperature  dependence  of  the  rate  of  energy 
dissipation.  This  will  give  the  dimensionality  of  the  phonons 
emitted  by  the  electrons.  It  was  found  that  the  emission  rate  1/r 
varied  as  T  ,  where  Te  is  the  electron  temperature.  As  this 
particular  temperature  dependence  is  not  characteristic  of  phonons, 
it  points  to  the  possible  existence  of  tunnelling  centres  at  the 
interface.  Absorption  of  energy  by  these  centres  will  have  the 
observed  temperature  dependence,  the  existence  of  these  centres  has 
also  been  invoked  by  other  authors  to  explain  hot  electron  phenomena 
at  temperatures  near  4.2  K.9 

The  effect  of  a  magnetic  field  is  to  reduce  the  logarithmic 
correction.  Physically  this  effect  arises  because  the  magnetic  field 
introduces  a  new  length  scale  -  the  cyclotron  length.  Essentially 
the  mixing  of  states  by  the  magnetic  field  cuts  off  the  increasing 
definition  of  a  state  as  the  inelastic  diffusion  length  increases. 

This  problem  has  been  considered  in  detail  by  Hikami  et  al.10  and 
Altshuler  et  al.6,  these  authors  find  that  in  the  presence  of  a 
magnetic  field,  B,  the  conductance  correction,  5a,  is  given  by 

e2 

6a  =  — 2^-  [lM’j  +  -ft/4eB  t1n  D)  +  £n (4eBr/fi) ]  .  (5) 

Here  t  and  t^n  are  the  elastic  and  inelastic  scattering  times,  D  is 
the  diffusivity  of  an  electron  (Vp2x,  where  Vp  is  the  Fermi  velocity) 
and  ip  is  the  Digamma  function,  also  known  as  the  Psi  function.  The 
Digamma  function  is  rather  unwieldy  and  lacks  physical  expression. 

As  the  localisation  is  only  dependent  on  the  length  scales  it  should 
be  possible  to  define  a  more  physical,  and  composite  length.  We  have 
invoked  the  length  Lc  which  is  given  by 

Lc-1  =  (Li-2  +  L2"2  +  L3~2  +  L4-2  .  ..)_1. 

Li  etc.  are  the  individual  length  scales  which  may  be  the  inelastic 
diffusion  length,  cyclotron  length,  diffusion  length  in  the  presence 
of  external  radiation  etc.  The  results  of  these  considerations  were 
published  in  - 

"Localisation  in  disordered  two  dimensional  systems  and  the 
universal  dependence  on  diffusion  length",  -  M.  Kaveh, 

M.J.  Uren,  R.A.  Davies  and  M.  Pepper,  J.  Phys.  C14 ,  L413,  1981. 

Abstract 

We  extend  the  treatment  by  Kaveh  and  Mott  of  the  effect  of  weak 
localisation  on  the  conductivity  of  disordered  two-dimensional  systems 
to  include  the  effect  of  magnetic  and  electric  fields  on  the 
localisation.  It  is  shown  that  the  change  in  conductivity  due  to  the 
localisation  depends  on  only  one  parameter,  the  diffusion  length. 

This  result  holds  irrespective  of  the  number  of  independent  mechanisms 
which  individually  correspond  to  a  separate  diffusion  length.  Our 
experimental  values  of  the  conductivity  for  different  temperatures, 

electric  fields  and  different  magnetic  fields  fall  on  the  predicted 
universal  curve.  The  derived  formulae  for  the  conductivity,  when  few 
mechanisms  determine  the  length  scale,  are  in  agreement  with  our 


experimental  data,  which  enables  us  to  identify  the  individual 
diffusion  lenghts. 


The  logarithmic  correction  due  to  localisation  is  a  low  temperature 
effect  in  Si  inversion  layers  because  electron-electron  scattering 
causes  a  rapid  transition  between  localised  states  and,  hence ,  above 
the  helium  range  of  temperature .  The  normal  electron-electron 
scattering  law  which  is  encountered  in  metals  is  that  originally 
derived  by  Baber,  in  which  Tple  =  T2.  This  law  arises  from  scattering 
across  the  Fermi  surface,  and  the  T2  comes  from  the  product  of  the 
number  of  electrons  which  can  be  scattered  varying  as  T  and  the 
number  of  states  into  which  they  can  be  scattered  also  varying  as  T. 

In  the  presence  of  impurity  scattering,  the  electronic  wavef unction 
is  broadened  over  a  range  of  energy  near  the  Fermi  energy.  The  effect 
of  the  broadening  is  to  alter  the  rate  of  scattering  when  the  change 
in  electron  momentum  is  small.  In  two  dimensions  this  leads  to  a 
law  of  the  form  Tpp  =  AT2  +  BT  -  the  quantum  law  of  electron-electron 
scattering.  In  three  dimensions,  the  T  term  is  replaced  by  T^/2. 

In  order  to  investigate  this  effect  the  electron-electron  scattering 
rate  at  low  temperatures  was  found  from  the  temperature  dependence  of 
the  negative  magneto- resistance. 

"Magnetic  delocalisation  of  a  two-dimensional  electron  gas 
and  the  quantum  law  of  electron-electron  scattering", 

M.J.  Uren,  R.A.  Davies,  M.  Kaveh  and  M.  Pepper,  J.  Phvs.  C14 , 

L395,  1981. 


Abstract 

We  discuss  the  effect  of  a  magnetic  field  on  the  weak  localisation 
of  a  two-dimensional  electron  gas.  It  is  shown  that,  due  to  quantum 
corrections  the  electron-electron  relaxation  time  Tee  varies  with 
electron  temperature  T  as  =  A^T  +  A2T2,  in  the  temperature 
range  3  K  -  0.1  K.  This  short  Tee  causes  a  rapid  transition  between 
states  which  are  weakly  localised  and  so  reduces  the  logarithmic 
correction  to  the  conductance. 


In  the  previously  quoted  paper  of  Uren,  Davies  and  Pepper  it  was 
shown  that  logarithmic  corrections  were  present  which  arose  from  both 
localisation  and  interaction  effects.  Increasing  the  magnetic  field 
suppressed  localisation  and  enhanced  interactions,  but  a  logarithmic 
correction  was  always  present.  Increasing  the  mean  free  path  for 
elastic  scattering  increases  the  diffusion  length  and  so  the 
localisation  will  be  suppressed  by  a  lower  values  of  magnetic  field. 

As  the  magnetic  enhancement  of  the  interaction  effect  arises  from  a 
spin  effect,  the  magnetic  field  dependence  of  this  mechanism  should 
be  unaffected.11  Applying  a  parallel  magnetic  field  should  enhance 
the  interaction  effect  without  affecting  localisation,  thus  the 
additive  combination  of  the  two  will  result. 

These  effects  were  explored  in  the  following  paper  - 

"Magnetic  separation  of  localisation  and  interaction  effects  in 
a  two-dimensional  electron  gas  at  low  temperatures",  R.A.  Davies, 
M.J.  Uren  and  M.  Pepper,  J.  Phys.  C14 ,  L531,  1981. 

Abs' tact 

We  show  that  by  app1  .ition  of  a  magnetic  field  it  is  possible 
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to  achieve  complete  separation  of  localisation  and  interaction 
mechanisms  in  two  dimensions.  Measurements  of  the  conductance  of 
silicon  inversion  layers  show  that,  at  certain  values  of  magnetic 
field,  it  is  also  possible  to  achieve  metallic  conduction  near  50  mK. 

It  is  also  shown  that  the  appearance  of  the  interaction  mechanism  is 
not  strongly  dependent  on  the  direction  of  the  magnetic  field, 
implying  that  the  origin  of  the  effect  is  in  electron  spin  rather 
than  cyclotron  orbit  motion.  The  implications  for  the  quantised  Hall 
resistor  are  discussed. 

The  implications  for  the  quantised  Hall  resistor12  are  clear. 

The  localisation  correction  is  suppressed  by  a  magnetic  field  and 
interactions  do  not  affect  c  .  Thus,  unless  second  order  effects 
in  localisation  are  insensitive  to  B,  the  quantisation  of  oXy  is 
unafffected. 

This  type  of  study  of  two  dimensional  transport  has  been  extended 
to  the  two  dimensional  gas  in  GaAs  at  the  interface  between 
undoped  GaAs  and  doped  GaA^As.  It  is  known  that  in  these  structures 
electrons  in  the  GaA-£As  fall  into  the  GaAs  and  form  a  degenerate, 
two  dimensional,  electron  gas  at  the  interface  of  the  two  materials. 
Structures  grown  by  Molecular  Beam  Epitaxy  show  very  high  values  of 
electron  mobility.12  The  samples  used  in  our  experiments  were  grown 
by  liquid  phase  epitaxy  and  showed  values  of  mobility,  about 
2.104  cm2  volt  1  sec  1 .  The  specimens  were  not  gated  and  the  carrier 
concentration  was  ^1.4  1012  cm-2.  It  was  found  that  both  localisation 
and  interaction  effects  were  present,  this  latter  effect  being 
greater  than  in  Si  because  of  the  greater  2D  screening  distance, and 
smaller  values  of  P,  in  GaAs.  Application  of  a  magnetic  field  suppresses 
localisation  and  allows  clear  observation  of  the  interaction  mechanism. 

The  electron-electron  scattering  rate  was  measured  and  found  to 
deviate  from  the  Landau-Baber  T2  law.  Measurement  of  the  rate  of 
energy  dissipation  indicated  that  the  phonons  emitted  by  hot  electrons 
were  two  dimensional,  possibly  an  inter facial  mode.  This  work  was 
published  in  the  following  paper  - 

"The  observation  of  localisation  and  interaction  effects  in 
the  two-dimensional  electron  gas  of  a  GaAs-GaA^As  hetero- junction  at 
low  temperatures",  D.A.  Poole,  M.  Pepper  and  R.W.  Glew,  J.  Phys.  CM,L995,  1981. 

Abstract 

We  have  investigated  the  logarithmic  correction  to  the  transport 
properties  of  the  two-dimensional  electron  gas  at  the  (modulation- 
doped)  GaAs-GaA^As  interface  in  the  temperature  range  4.2  -  0.34  K. 

GaAs  is  different  to  Si  in  that,  due  to  the  low  density  of  states, 
the  electron  screening  length  is  greater.  This  allows  the 
existence  of  a  significant  logarithmic  correction  from  the  electron- 
electron  interaction  in  the  absence  of  a  magnetic  field.  The 
experimental  results  are  consistent  with  the  co-existence  of 
localisation  and  interaction  effects  although  the  analysis  is 
complicated  by  the  occupation  of  two  sub-bands. 

We  have  investigated  the  electron-electron  scattering  rate  and 
find  that,  as  in  the  Si  inversion  layer,  the  temperature  dependence 
is  reduced  by  quantum  corrections.  Analysis  of  the  rate  of  emission 
of  phonons  by  hot  electrons  indicates  that  the  phonons  of  importance 
are  two-dimensional. 
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Conductance  Oscillations  in  Two  Dimensional  Systems 

We  have  pursued  the  oscillations  found  previously  in  GaAs 
structures.  I1*  In  the  initial  experiments  it  was  found  that  the 
minima  occurred  when  the  separation  between  electrons,  re,  was 
given  by  Nx  where  N  is  an  integer  and  x  is  ^llO  A.  As  the 
temperature  is  lowered  half  and  quarter  integer  minima  appear. 

The  original  samples  were  n  on  p+  structures  and  the  conducting 
channel  was  forced  away  form  the  p+  -  n  interface  by  the  application 
of  a  substrate  bias.  We  have  now  found  that  standard  commercial 
devices  show  weak  oscillations  below  'vlO  K.  A  number  of  such 
devices  have  been  purchased  and  we  are  examining  their  characteristics . 

It  often  appears  that  the  oscillations  are  linear  with  carrier 
concentration  rather  than  with  the  separation  of  carriers.  The 
cause  of  this  is  not  clear  but  it  may  be  related  to  the  "dirtiness" 
of  the  systems. 

Previously  we  had  found  that  oscillations  were  produced  in  the 
accumulation  regions  over  the  source  and  drain  regions  of  Si  MOSFETS's.15 
In  order  to  determine  the  relationship  between  the  oscillations  and 
carrier  localization,  change  was  induced  in  the  oxide  above  an  inversion 
layer  by  avalanch  injection.  After  this  process  it  was  found  that 
oscillations  appeared  in  the  conductance-gate  voltage  relation.  At 
present  it  has  not  been  possible  to  ascribe  a  periodicity  to  the 
oscillations,  probably  as  a  result  of  inhomogeneities.  The  temperature 
dependence  of  the  conductance  was  measured  and  was  found  to  be  of  the 
form  o  =  crmin  exp(-W/kT) .  Here  omin,  the  minimum  metallic  conductance, 
was  'v  310~5  p-1  and  the  activation  energy  W  oscillated  as  a  function 
of  carrier  concentration.  The  exsitation  to  the  mobility  edge,  indicates 
that  the  oscillations  are  not  caused  by  electrons  hopping  between 
peaks  in  the  density  of  states.  Recent  theoretical  work  suggests 
that  the  oscillations  arise  from  electron  ordering16,  and,  if  so,  this 
would  agree  with  the  result  that  the  excitation  energy  is  an 
oscillating  function  of  carrier  concentration.  However,  final 
confirmation  must  await  results  on  a  cleaner  inversion  layer  where  a 
well  defined  periodicity  is  found. 
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Abstract.  We  have  investigated  the  logarithmic  regime  of  transport  of  the  two-dimensional 
electron  gas  in  the  Si  inversion  layer  between  0  05  K  and  I  K  There  was  little  band  tailing 
in  the  specimens  used,  and  it  was  possible  to  achieve  the  ktllv  -  I  condition  at  carrier 
concentrations  as  low  as  -  ;  *  101 '  m  ‘  \  The  behaviours  of  the  conductance  and  the  Had 
effect  suggest  that  in  the  presence  of  a  magnetic  field  the  logarithmic  corrections  are  caused 
by  electron  electron  interaction.  In  particular,  we  confirm  the  prediction  of  this  theory  that 
the  Hall  coefficient  varies  a:  twice  the  rate  of  the  resistance.  However,  at  low  values  of  mag¬ 
netic  field  it  appears  that  the  transport  behaviour  arises  from  localisation  rather  than  inter  - 
actions.  At  particular  values  of  magnetic  field  ihcse  two  mechanisms  are  both  present,  bat 
have  a  different  stability  against  an  increase  in  temperature.  Consequently,  at  a  constant 
lattice  temperature  it  is  possible  to  observe  a  transition  between  them  as  the  electron  tem¬ 
perature  is  increased  with  an  electric  field 


Recently  there  have  been  many  contributions  to  the  theory  of  electrical  transport  in 
two-dimensional  (2D)  systems.  Early  computer  simulations  of  the  2D  transport  process 
(Licciardello  and  Thouless  1975)  showed  that  a  sharp  mobility  edge  separated  extended 
and  localised  states,  and  that  there  was  a  minimum  metallic  conductance  trm,„  with  a 
value  near  01  e2  fi  (3  x  10‘ 5  Q‘l).  However,  later  calculations  by  these  authors 
(Licciardcllo  and  Thouless  1978)  indicated  that  amw  decreased  with  increasing  sample 
size.  This  suggested  that,  as  the  sample  size  went  to  infinity,  <r^in  went  to  zero.  i.e.  all 
states  in  2D  were  localised.  On  the  other  hand,  simulations  by  Lee  ( 1979)  failed  to  reveal 
this  effect  and  he  concluded  that  extended  states,  and  a  rr  near  01  e2  h.  existed  in  2D. 

nun 

All  the  calculations  neglected  the  effects  of  the  electron-electron  interaction. 

Abrahams  el  at  (1979)  (AALR)  developed  a  one-electron  scaling  theory  and  also 
suggested  that  all  electronic  states  are  localised  in  2D.  These  authors  propose  that  when 
the  sheet  conductance  <r  of  a  system  is  01  e1  h.  a  transition  occurs  front  strong  to  weak 
localisation.-  The  weak  localisation  causes  a  to  behave  as 

<r  =  c0  -  (e2x'n2/i)  In  L  (1) 

where  an  is  the  'normal'  conductance  ne2x  m.  i  is  a  constant  with  values  {  or  1  and  1.  is 
a  scaling  length.  The  meaning  of  L  can  be  obtained  by  considering  the  Thouless  ( 1974) 
expression  for  the  conductance  of  a  system: 

a  =  eJ<AE>/ft<(5£>.  (2) 

Here  <AE>  is  the  shift  in  energy  of  an  average  level  when  the  boundary  condition  phase 
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is  changed,  and  <«$£''  is  the  mean  separation  of  adjacent  levels.  It  is  argued  (Anderson 
cl  at  1979)  that  L.  the  effective  sample  si/e  in  equation  (i).  is  the  maximum  dilfusion 
length  allowed  before  the  smallest  energy  in  equation  (2)  becomes  indistinct  due  to 
inelastic  scattering.  Thus,  if  the  inelastic  scattering  rate  varies  with  temperature  as  Tb, 
L  varies  as  T~b  *  and  the  temperature-dependent  logarithmic  correction  becomes 

Act  =  (e2xb/2n2h)  In  T.  (3) 

For  electron-electron  scattering  b  =  2.  and  b  =  2. 3  or  4  for  two-dimensional  and  three- 
dimensional  phonon  scattering  in  the  dirty  and  clean  limits  respectively.  AALR  point 
out  that,  on  their  model,  if  Act  is  erased  by  electron  heating  then  a  transition  between 
activated  and  metallic  conduction  will  occur  when  a  =  01  e2/h. 

Fukuyama  (1980al  suggests  that  equation  ( 1 )  is  not  significantly  affected  by  the  valley 
degeneracy  which  exists  in  Si  inversion  layers.  Abrahams  and  Ramakrishnan  (1979, 
1980)  and  Gor'kov  et  al  (1979)  have  considered  the  quantum  corrections  in  the  im¬ 
purity  scattering  of  non-interacting  electrons.  They  too  find  a  logarithmic  correction 
in  the  conductance.  Haydock  (1980)  and  Houghton  et  al  (1980)  have  also  suggested  that 
all  states  in  2D  are  localised. 

An  alternative  point  of  view  has  been  proposed  by  Altshuler  et  a!  (1980a).  They 
maintain  that  a  logarithmic  correction  is  not  the  result  of  localisation,  but  is  produced 
by  the  electron-electron  interaction  in  the  presence  of  weak  impurity  scattering.  In 
the  low-frequency  limit,  they  find  the  temperature-dependent  correction  is 

Act  =  (e*'4/ijr;)(2  —  2F)  In  T.  (4) 

F  is  determined  by  screening  in  the  system,  and  if  kf  K  4  1,  where  kf  is  the  Fermi  k 
vector  and  K  is  the  inverse  2D  screening  length, 

F  -  1  -  4 kf/nK.  (5) 

Fukuyama  ( 1 980b)  has  also  obtained  a  similar  result  for  interacting  electrons. 

Altshuler  et  al  (1980b)  (AK.LL)  have  suggested  that  measurement  of  the  Hall  effect 
enables  a  distinction  to  be  made  between  the  localisation  (AALR)  and  the  interaction 
(Altshuler  et  al  1980a)  models.  Fukuyama  (1980c)  showed  that  the  localisation  model 
requires  the  Hall  mobility  to  vary  with  temperature  (or  electric  field)  in  the  same  manner 
as  the  conductance,  i.e.  the  Hall  constant  R„  does  not  change.  On  the  other  hand,  the 
interaction  model  predicts  that  the  Hall  conductance  axy  is  unaffected  by  the  logarithmic 
correction  in  axx.  Thus,  as  R„  =  <rxJo:xx,  the  correction  in  RH,  A Rw  is  (Altshuler  et  al 
1980b) 

ARh/Rh  =  -2Act;ct.  (6) 

Consequently  the  Hall  mobility  increases  logarithmically  with  decreasing  temperature. 

The  interaction  model  does  not  predict  any  magnetoresistancc.  whereas  AK.LL 
suggest  that  in  the  localisation  mode)  the  magnetoresistance  is  negative  and  leads  to 
the  suppression  of  the  logarithmic  temperature  dependence.  This  conclusion  has  also 
been  drawn  by  Hikami  et  al  (1980).  The  criterion  for  the  suppression  of  the  temperature 
dependence  is  that  the  cyclotron  radius  is  comparable  with  the  inelastic  diffusion  length. 
Below  01  K  this  condition  can  be  achieved  w  ith  fields  of  a  few  tens  of  Gauss. 

A  method  of  determining  the  inelastic  scattering  mechanism  has  been  presented  by 
Anderson  et  al  (1979).  For  a  constant  lattice  temperature,  increasing  the  applied  electric 
field  £  increases  the  electron  temperature,  and  hence  the  conductance.  If  the  electron- 
phonon  relaxation  time  varies  as  T'p.  and  if  the  inelastic  scattering  mechanism  deter¬ 
mining  the  behaviour  of  Act  as  a  function  of  temperature  at  low  fields  is  unaffected  by  the 
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field,  then  the  ratio  of  the  change  in  A<x  as  a  function  of  In  T  to  the  change  as  a  function 
of  In  E  is  1  +  p/2.  From  simple  phase  space  considerations  we  would  not  expect  this 
formula  to  apply  if  Act,  as  a  function  of  In  T.  is  determined  by  electron -electron  scattering. 
Here  b  would  not  equai  2  and  might  be  expected  to  become  a  complicated  function  of 
£  as  this  increases.  In  this  context  we  note  that  it  has  been  suggested  that  b  =  1  for  2D 
electron-electron  scattering  in  the  presence  of  impurity  scattering!  Abrahams  et  al  1 980a). 

The  first  experimental  observation  of  a  In  7  dependence  was  in  thin  metal  films 
(Dolan  and  Osheroff  1979).  A  very  weak  decrease  in  extended  state  conductance  m  Si 
inversion  layers  is  present  in  the  results  of  Adkins  et  ul  (1976:  figure  3).  Recent  work  by 
Bishop  et  al  (1980)  (BTD)  established  that  the  decrease  in  conductance  of  Si  inversion 
layers,  for  fcF/tL  >  1,  below  1  K.  is  consistent  with  the  proposed  In  T  laws.  BTD  found 
a  =  |  and  b  =  p  =  3;  this  value  of  x  is  too  small  to  be  satisfactorily  explained  by  the 
localisation  model. 

A  negative  magnetoresistance  is  consistently  observed  in  the  logarithmic  regime. 
Kawaguchi  and  Kawaji  (1980)  have  fitted  their  results  to  the  expression  of  Hikami  et  al 
(1980).  However,  their  extraction  of  an  inelastic  scattering  rate  due  to  electron-electron 
collisions  required  the  unphysical  behaviour  of  a  temperature-dependent  x. 

It  is  to  be  noted  that  in  general  the  changes  in  a  are  <  10'’n,  and  the  variation  in  7 
is  a  factor  of  20:  1  K-50  mK.  Consequently  a  logarithmic  law  cannot  be  inferred  unam¬ 
biguously;  for  example,  compare  this  change  in  A o  to  the  three  orders  of  magnitude 
variation  necessary  for  the  confirmation  of  the  2D  hopping  law  (Mott  ct  ul  1975). 

The  experiments  reported  here  were  carried  out  on  n-channel  silicon  gate  mush  is 
fabricated  on  the  (100)  Si  surface.  The  sample  size  was  250  pm  x  250  pm  and  tw  o  pairs 
of  potential  probes  w  ere  equally  spaced  along  the  channel.  The  threshold  voltage  of  the 
devices  was  adjusted  in  the  positive  direction  by  the  implantation  of  boron  acceptors. 
Scattering  from  these  charged  acceptors  limited  the  peak  mobility  at  4  2  K  to  values 
less  than  0  65  nr  V'  1  s" ',  depending  on  the  doping.  However,  of  more  importance  to 
this  w'ork  was  the  fact  that  there  was  little  band  tail  localisation  (  -  2^f  x  1013  states 
m~2).  Thus  measurements  of  the  logarithmic  correction  could  start  at  this  value  of 
carrier  concentration,  considerably  lower  than  in  the  BTD  experiments. 

The  samples  were  mounted  onto  a  copper  rod  and  connected  to  the  mixing  chamber 
of  a  dilution  refrigerator.  The  temperatures  were  in  the  range  50  mK -1  K  and  were 
measured  with  a  calibrated  germanium  thermometer.  In  order  to  ensure  ohmic  behaviour 
at  the  lowest  temperatures  an  electric  fieid  of  ( 10-50)  x  I0“3Vm''  was  necessary.  The 
measurements  were  taken  by  conventional  four-terminal  techniques,  using  lock-in 
methods  at  low  frequency  ( 10  Hz).  The  samples  did  not  normally  show  contact  resistance, 
but  the  four-terminal  technique  was  used  to  remove  any  residual  effects. 

We  found  the  well  known  exp (T(V.T)1  3  hopping  behaviour  for  sample  resistances  K 
greater  than  10  kfi,  a  factor  of  4  kwer  than  10«eJ.  When  R  was  smaller  than  10  kQ  a 
weak  temperature  dependence  was  found,  consistent  with  a  logarithmic  law.  A  similar 
behaviour  was  found  as  a  function  of  electric  field  at  a  constant  temperature.  Because 
the  change  in  sample  resistance  in  the  logarithmic  regime  was  small,  the  electric  ft. Id 
dependence  of  the  resistance  was  investigated  by  measuring  the  differential  as  the  t>< 
field  was  swept.  Subsequent  integration  gave  the  change  in  resistance  with  improved 
accuracy. 

The  Hall  effect  was  measured  as  a  function  of  both  electric  field  and  temperature. 
The  magnetic  field  employed  was  in  the  range 01 -2-5 T.  The  Hall  angle  was  normally  less 
than  10  ',  the  higher  fields  being  used  when  the  mobility  was  low  .  Figure  l(u)  shows  the 
behaviour  of  as  a  function  of  £  near  50  mK;  the  differential  of  lM  as  a  function  of 
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Figure  I.  In)  Percentage  changes  in  resistance  R  and  Hail  constant  R„  against  electric  field. 
Doping  2  3  *  10”  m’1:  B  =  0-4  T;  R  -  1-7  IcQ;  T  -  SOmK:  Nm  »  6  1  x  .lO^m  2. 
th)  Differential  of  the  Hall  voltage  in  figure  1(a)  against  two  ranges  in  electric  field.  The 
break  in  the  upper  curve  is  a  transient.  The  scale  on  the  top  refers  to  the  upper  tracing. 


electric  field  ts  shown  in  figure  1(h).  fj,  is  clearly  seen  to  return  to  classical  constant  be¬ 
haviour  at  high  electric  fields,  and  presumably,  high  electron  temperature. 

The  ratio  of  the  proportional  change  in  Hall  constant  to  the  proportional  change  in 
resistance  is  shown  in  figure  2;  these  results  were  obtained  with  two  samples  of  different 
doping.  A  ratio  of  2  is  found  which  persists  as  the  carrier  concentration  Nim  is  decreased. 
When  N,n,  is  close  to  the  onset  of  T" 1  '  behaviour,  a  sudden  drop  in  value  from  2  to  1 
occurs  for  a  change  of  N.m  of  only  4  x  10' 4  m  ' 2  in  the  lightly  doped  specimen.  The  drop 
from  2  to  1  is  gradual  in  the  more  highly  doped  flower  mobility)  sample.  The  ratio  of 
2  was  found  for  all  fields  in  the  range  0- 1—2-5  T. 


2 


The  low- 
At  85  mK,  i 
versus  In  E  i 


.9: 


Figure  2.  The  ratio  of  the  change  in  Hall  constant  to  the  change  in  resistance  is  plotted  as  a 
function  of  resistance.  For  the  low  doping  device  (triangles)  B  =  04  T.  ,Vin%  =  2  5  x  101' 
m~2  for  R  =  7-5  kQ  and  2  9  x  10IS  for  R  =  5  kQ.  This  corresponds  to  a  field  ellect 
mobility  of  approximately  1  m2  V' 1  s  1  for  .Vin%  -  2-7  x  1015.  For  the  high  doping  device 
(squares)  B  -  1  3T  and  .Vin%  varies  from  764  x  10' J  to  2  34  x  Full  symbols, 

slopes  versus  E:  open  symbols,  slopes  versus  T. 

The  low-temperature  resistance  was  investigated  as  a  function  of  magnetic  field  B. 
At  85  mK.  increasing  B  caused  a  progressive  decrease  in  the  slope  of  the  resistance 
versus  In  E  relation.  However,  as  B  increased,  it  appeared  as  if  a  second  logarithmic 
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Figure  .1.  Percentage  changes  m  the  resistance  against  electric  field  for  various  magnetic 
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process  was  becoming  operative.  This  new  ‘high  ft  process  dominated  when  £  was  small, 
and  as  E  increased  a  clear  break  between  the  two  processes  could  be  observed.  This  is 
show  n  in  figure  3.  Further  increase  in  ft  resulted  in  the  high  ft'  process  gradually  extend¬ 
ing  over  an  increased  range  of  electric  field,  until  the  first  mechanism  was  not  observable. 
At  85  mK  the  disappearance  of  the  first  process  occurred  at  -  0  25  T. 

When  the  two  mechanisms  were  weak  and  of  a  similar  magnitude  f  0-1  Tat  85  mK), 
it  was  difficult  to  determine  if  the  change  in  ft  was  logarithmic,  with  a  consequent 
error  on  the  slope.  The  gradients  for  the  two  mechanisms  are  plotted  in  figure  4,  and  we 
believe  that  when  the  'high  ft'  process  is  logarithmic  the  slope  is  in  fact  a  constant, 
independent  of  B. 


0  0  01  01  1 
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Figure  4.  Percentage  change  in  resistance  per  decade  change  in  electric  field  for  the  same 
deuce  and  conditions  as  in  figure  3.  The  two  points  at  B  =  0131  T  correspond  to  the  two 
regions  shown  in  figure  3  (curve  B|.  Our  separation  of  the  two  regimes  is  indicated  by  the 
labelling  •,  ■ 

Unfortunately,  our  Hall  data  became  ambiguous  at  those  values  of  ft  or  £  required 
for  the  first  process  to  become  dominant.  It  is  not  possible  for  us  to  say  whether  or  not 
the  ratio  of  2  was  maintained  in  this  regime. 

The  temperature  dependence  of  the  resistance  in  the  ohmic  range  was  investigated. 
In  figure  5  we  show  the  temperature  dependence  for  a  field  of  0-4  T  and  also  when  only 
a  residual  field  was  present,  (6  <  0  005  T).  As  we  can  see,  the  'high  ft"  process,  which  is 
completely  dominant  at  0  4  T,  only  starts  when  the  temperature  is  reduced  to  0-3  K, 
whereas  the  first  process  (low  B)  is  observed  when  the  temperature  is  still  above  1  K. 

The  resistance  changes  per  decade  of  temperature  and  electric  fields  are  shown  in 
figure  6  for  a  constant  magnetic  field  of  1-31  T.  The  results  as  a  function  of  electric  field 
are  virtually  identical  to  the  zero-field  results  of  BTD.  However,  the  changes  in  AR/R 
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Figure  5.  The  change  in  inversion  layer  resistance  against  Ig  /  The  scale  on  the  right  is  for 
=  2  9  x  10' !  m‘  B  =  04  T.  The  scale  on  the  left  is  for  \ln>  =  2  8  »  10' '  nr  :  with 
only  residual  magnetic  fields  (.V,  =  2  3  x  I0:‘  m  J  for  both). 

as  a  function  of  temperature  differ  considerably  from  BTD.  Application  of  the  heating 
model  of  Anderson  et  at  gives  a  value  of  xb  of  ~  1  and  a  value  of  p  of  i  1 . 

Turning  now  to  a  discussion  of  the  results,  the  ratio  of  2  found  lor  the  ratio  of  the 
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Figure  6.  Change  in  resistance  per  docailc  change  in  electric  field  or  temperature  against  K  , 
B  1  }\  T;  \in%  is  indicated  on  the  upper  scale.  ,\\  -  I  S  x  10*’  m  \  Open  circles,  slope- 
versus  T ;  full  circles,  slopes  versus  E. 
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proportional  changes  of  /?,,  and  resistance  is  good  evidence  for  the  validity  of  the  inter- 
action  model,  i.e.  the  'high  B'  process.  It  must  be  born  in  mind  that  this  is  only  true  for 
B  P  01  T.  as  reliable  Hall  data  were  not  obtained  at  smaller  B.  We  can  therefore  com¬ 
pare  the  magnitude  of  the  logarithmic  slope  of  the  'high  B'  process  with  the  predictions 
of  Altshuler  ft  al  (19N0a).  The  range  of  carrier  concentration  was  such  that  0  076  < 
kf/K  <  0  2:  thus  the  factor  F  (defined  by  equation  (51),  is  in  the  range  0  75  0  9.  Equation 
(4)  is  modified  in  the  presence  of  a  magnetic  field,  the  factor  2  -  2 F  being  replaced  by 
2  —  F  (AK.LL,  Appendix  B).  Hence  the  logarithmic  correction  now  becomes 

A  a  =  C(ez/n2h)  In  T.  (7) 

The  numerical  constant  C  increases  from  0  56  to  0-63  for  the  values  of  A'in>,  and  kf , 
used  in  these  experiments.  The  experimental  value  of  C  is  0-77  +  0  02,  which  is  in  reason¬ 
able  agreement  with  theory,  particularly  bearing  in  mind  the  general  uncertainty  about 
screening.  In  the  absence  of  a  magnetic  field  C  is  considerably  reduced  and  this  may 
account  for  the  absence  of  these  mechanisms  at  low  B.  It  is  to  be  noted  that  the  value  of 
C  of  0  77  +  0  02  is  lower  than  the  value  predicted  by  localisation  theory  if  x  =  1,  i.e. 
a  long  spin  flip  scattering  length,  expected  in  Si  where  the  spin-orbit  coupling  is  weak. 

As  previously  pointed  out.  the  application  of  the  heating  model  to  the  data  of  figure  6 
yields  an  electron-phonon  scattering  rate  proportional  to  T.  i.e.  /i  -  1.  This  does  not 
correspond  to  any  known  mechanism  and  indicates  that  the  heating  model  is  invalid. 
We  expect  this  if  the  temperature  dependence  of  the  ohmic  resistance  is  determined  by 
electron-electron  scattering,  or  a  general  electron-electron  interaction  as  implied  by 
the  Hall  ratio  of  2.  Thus,  there  appears  to  be  convincing  evident  e  that ‘high  B'  mechanism 
is  the  electron  electron  interaction  process  postulated  by  Altshuler  et  al  (1980a).  This 
model  also  predicts  an  absence  of  magnetoresistance,  which  is  observed. 

The  Hall  ratio  of  2  is  strictly  valid  only  when  kFlf  l  p  1  (/,,  is  the  elastic  scattering 
length).  This  may  account  for  the  sharp  drop  in  the  ratio  from  2  to  1  near  the  onset  of 
T~'  i  behaviour  for  the  higher  mobility  (lightly  doped)  sample,  whereas  the  ratio 
decreased  more  gradually  for  the  lower-mobility  sample  with  small  flL  (figure  2). 

We  now  consider  the  process  causing  the  logarithmic  behaviour  at  low  and  zero  B. 
The  negative  magnetorcsistance  in  this  regime  and  suppression  of  the  logarithmic 
variation  by  small  Bare  both  in  agreement  with  the  predictions  of  the  localisation  theory. 
It  therefore  appears  that  we  have  evidence  for  the  existence  of  both  the  localisation  and 
the  interaction  mechanisms,  the  first  being  suppressed,  and  the  second  brought  out,  by 
the  application  of  a  magnetic  field.  Although  the  logarithmic  gradient  in  the  interacting 
state  appeared  to  be  independent  of  B.  the  range  of  electric  field  over  which  the  change 
was  logarithmic  did  increase  with  B.  This  appears  to  indicate  that  the  interacting  state 
is  stabilised  by  B  and  can  exist  at  higher  electron  temperatures  as  B  increases. 

Final  confirmation  of  the  existence  of  the  two  mechanisms  must  await  measure¬ 
ments  of  the  Hall  effect  in  the  localisation  regime. 

We  are  grateful  to  Professor  Sir  Ncvil!  Mott,  J  H  Davies.  R  V  Haydock.  M  Kaveh  and 
M  J  Kelly  for  many  discussions  on  this  topic.  The  low-temperature  experiments  were 
performed  at  the  SRC  Rutherford  Laboratory  and  would  not  have  been  possible 
without  the  advice  and  help  of  Dr  S  F  J  Read  and  Mr  Ci  Regan.  This  work  was  supported 
by  SRC  and  in  part  by  the  European  Research  Office  of  the  US  Army.  M  J  Uren  and 
R  A  Davies  thank  SRC  for  research  studentships.  We  also  thank  V  A  Browne  and  R  E 
Oakley  of  the  Plcssey  Company,  Allen  Clark  Research  Centre  for  advice  on  specimen 
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fabrication.  M  Pepper  thanks  the  Plessey  Company  for  leave  of  absence  and  the  Warren 
Committee  of  the  Royal  Society  for  support. 

Note  added  in  proof.  We  thank  Drs  Bishop,  Tsui  and  Dynes  for  a  preprint  of  their  recent 
work  on  the  behaviour  of  the  Hall  effect  at  magnetic  fields  greater  than  0  1  T.  They 
conclude  that  the  behaviour  of  R  is  in  agreement  with  the  prediction  of  Altshuler  et  al. 
However,  as  the  dependence  of  the  logarithmic  slope  was  not  investigated  in  detail  at 
low  fields,  they  conclude  that  only  the  interaction  mechanism  is  operative.  The  results 
shown  here  demonstrate  that  in  fact  these  are  two  mechanisms  which  can  produce  a 
logarithmic  correct  ion. 
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Abstract.  We  extend  the  treatment  by  Kaveh  and  Mott  of  the  effect  of  weak  localisation  on 
the  conductivity  of  disordered  two-dimensional  systems  to  include  the  effect  of  magnetic 
and  electric  fields  on  the  localisation.  It  is  shown  that  the  change  in  conductivity  due  to  the 
localisation  depends  on  only  one  parameter,  the  diffusion  length.  This  result  holds  irrespec¬ 
tive  of  the  number  of  independent  mechanisms  which  individually  correspond  to  a  separate 
diffusion  length.  Our  experimental  values  of  the  conductivity  for  different  temperatures, 
electric  fields  and  different  magnetic  fields  fall  on  the  predicted  mux  ersal  curve.  The  derix  ed 
formulae  for  the  conductivity,  when  few  mechanisms  determine  the  length  scale,  are  in 
agreement  w  ith  our  experimental  data,  which  enables  us  to  identify  the  individual  diffusion 
lengths. 


It  has  been  suggested  (Abrahams  et  al  1979.  fiorkov  et  al  1979.  Houghton  et  al  1980. 
Haydoek  1981,  Kaveh  and  Mott  19Sla.  b)  that  all  states  are  weakly  localised  in  a 
disordered  two-dimensional  system.  The  nature  of  the  localisation  was  recently  studied 
by  Kaveh  and  Mott  (1981a).  They  described  the  random  walk  of  an  electron  in  the 
disordered  material,  i.e.  suffering  from  elastic  scattering,  by  a  diffusion  equation.  The 
solution  of  the  diffusion  equation  was  correlated  to  the  functional  form  of  the  wave- 
function.  The  analysis  showed  that  the  amplitude  of  the  wavefunciion  falls  off  as  l  rand 
it  is  essentially  extended  in  the  sense  that  it  is  noi  normalisable.  At  zero  temperature 
they  found  the  result  of  Abrahams  et  al  (1979)  that  the  metallic  conductance  decreases 
as  In  L ,  where  l.  is  the  size  of  ihe  sample.  At  finite  temperatures  the  electron  remains  in 
the  same  energy  only  over  an  inelastic  scattering  time  r,„.  The  elastic  random  walk  of  the 
electron  is  therefore  described  by  the  elastic  diffusion  equation  only  when 
r  <  Li„(Lm  -=  (!//,„)'  ~  =  2).  where  /  and  /,„  arc  the  elastic  and  inelastic  mean 

free  paths  respectively.  This  leads  exactly  to  the  result  predicted  by  Anderson  ct  al 
(1979): 


6a  -  - 


ln( /.„,//)• 


(I) 


The  success  of  the  diffusion  equation  in  reproducing  in  a  simple  way  (Kaveh  and  Mott 
1981a)  the  perturbation  result  obtained  bv  Abrahams<7u/(1979)andGorkover«/(  1979) 
encouraged  us  to  try  and  unify  the  effect  of  all  possible  external  perturbations  (such  as 
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0022-37 19/8 1  / 1 404 1 3  f  07  $01. 50©  1981  The  Institute  of  Physics  L413 


C14 


L414 


Letter  to  the  Editor 


electric  and  magnetic  fields)  on  6a  via  a  modification  of  the  diffusion  equation  from  a 
homogeneous  equation  to  an  inhomogeneous  equation. 

In  this  Letter  we  show  that  includingexternal  perturbations  in  the  diffusion  equation 
leads  to  a  universal  dependence  of  do  on  one  diffusion  length.  Our  treatment  supports 
the  scaling  idea  of  Abrahams  etal  (1979)  in  the  metallic  region,  where  k?l  >  1  (above  a 
‘mobility  edge’),  that  here  only  a  length  scale  determines  the  conductivity. 

The  negative  magnetoresistance  predicted  by  Hikami  et  ol  ( 19S0)  and  Altshuler  ei al 
(1980)  follows  naturally  and  in  a  physically  clear  manner  from  our  treatment.  We 
demonstrate  here  that  the  dependence  of  <5oon  the  sample  length,  on  the  temperature, 
on  the  frequency,  on  the  magnetic  field  and  on  the  electric  field  shrinks  into  a  universal 
curve  which  is  described  by  only  one  parameter:  the  diffusion  length  scale  Z.d.  Our 
experimental  results  confirm  the  hypothesis  of  universality  and  are  shown  in  figure  1 . 
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Figure  1.  The  change  in  conductivity  is  plotted  against  the  log  of  the  shortest  length  in  the 
system.  The  crosses  indicate  the  conductivity  determined  by  magnetic  field  and  so  the  length 
plotted  is  the  cyclotron  radius.  Open  circles  indicate  that  the  length  is  determined  by  L  A  T) 
for  ohmic  electric  fields  and  temperatures  varying  between  100  and  600  mK.  Full  circles 
indicate  that  L,„(F)  is  the  shortest  length,  w  hich  is  changed  by  varying  the  electric  field  from 
0.2-2.0  Vm'1.  The  broken  curve  indicates  w  here  Lf  would  lie  for  the  same  range  of  electric 
fields.  However,  the  values  of  D  arc'such  that  due  to  heating  becomes  much  shorter  than 
Lrtox  the  particular  values  of  electric  field. 


Here  all  our  data  points  for  different  temperatures,  electric  fields  and  magnetic  fields 
fall  on  a  universal  curve  which  will  be  discussed  in  more  detail  later.  In  addition,  wc 
present  an  expression  for  the  dependence  of  the  conductivity  correction  on  every 
individual  diffusion  length  when  more  than  one  mechanism  is  operative.  The  depend¬ 
ence  of  oon  every  individual  diffusion  length  is  verified  experimentally,  and  excellent 
agreement  is  found  between  our  predictions  and  the  experimental  results. 

We  first  extend  the  treatment  of  Kavch  and  Mott  (1981a)  to  include  external  per¬ 
turbations  such  as  electric  and  magnetic  fields.  The  random  walk  of  the  electron  for 
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distances  r  >  l  is  not  now  given  by  a  homogeneous  diffusion  equation.  We  may  write 

DV2G(r,  t )  -  dG/dt  =  [aG/ar]„,  (r  &  [)  .  (2) 


where  [c)G/d/]cx,  is  the  change  in  the  probability  of  finding  an  electron  at  rand  time  /  due 
to  any  source  other  than  clastic  scattering.  Equation  (2)  is  valid  only  for  r  >  /,  since  no 
elastic  scattering  occurs  when  r  <  l.  It  is  assumed  that  /  is  the  shortest  length  in  the 
problem  and  any  diffusion  length  Ed  (which  will  be  determined  from  [fiG'dr],.,,)  is  larger 
than  /.  If  [c)G/t)/]cxt  produces  a  length  Ed  <  /,  the  singular  behaviour  of  da  is  removed  and 
there  is  no  region  in  space  in  which  the  logarithmic  correction  to  the  conductivity,  which 
is  caused  by  the  ms  of  equation  (2),  takes  place.  In  this  case  the  conductivity  will  be 
completely  metallic. 

If  the  external  perturbation  persists  for  a  period  of  time  rP  we  may  write 

[aG/arU  =  G/rP.  (3) 

If  we  have  few  perturbations  acting  simultaneously,  we  may  make  the  approximation 
[aG/a/]c«  =  G Iim,  where 

Tell  =  X  Tp1.  (4) 


We  now  generalise  the  treatment  of  Kaveh  and  Mott  (1981a)  to  include  external  per¬ 
turbations;  taking  the  Fourier  transform  of  equation  (2)  we  obtain 


G(q,  Q) 


1 

Dq-  +  i£2  +  Tefl 


(5) 


The  amplitude  of  the  wavefunction  is  correlated  to  G(q.  Cl  =  0)  (Kaveh  and  Mott 
1981a)  by 

<p(r)  oc  j  d qq  exp(ig  ■  r)  G(q ,  £2  =  0).  (6) 

This  yields 

<Kr)  =  (Air)  exp(-r/Ld)  exp  (iK  ■  r )  (7) 

which  is  similar  to  equation  (25)  of  Kaveh  and  Mott  (1981a)  except  that  we  now  have  a 
general  Ld  which  is  given  by 

U  =  (Drcff)l/2.  (8) 


The  conductivity  is  then 

a  =  oo  ~  (e2/^)  ln(Ed//)-  (9) 

This  suggests  that  rkrdepcnds  only  on  one  parameter,  the  diffusion  length  scale  Ed.  The 
source  of  Ld  docs  not  matter.  Even  if  several  mechanisms  operate  simultaneously, 
equation  (9)  is  still  valid  with  the  follow  ing  law: 

ia-jSt,-2)’”  (io) 


and 

U  =  ( Dip)v \ 

We  now  show  that  equations  (9)  and  ( 10)  represent  not  only  a  scattering  mechanism  but 
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also  external  fields.  We  rirst  discuss  the  negative  magnetorcsistance  discussed  by  Hikami 
ef a/(19S0)  and  Altshuler  etal{  1980).  They  found 


This  expression  seems  to  lie  outside  the  universality  idea  of  a  unique  diffusion  length. 
However,  the  limiting  form  of  equation  (11)  supports  this  idea;  thus  when  B—  0. 
6o— »(e'/;r/i)  ln(/.in//),  where  Lm  =  (Dr,.,)1  *.  and  as  B  — >*,  da— *  (rV.rVi) 
\n(LJl),  where  /.,  is  the  cyclotron  magnetic  length,  Z-c  —  (ti  i'B)' :.  We  therefore  propose 
that  the  complicated  behaviour  of  the  effect  of  the  magnetic  field  is  a  consequence  of  a 
competition  between  two  mechanisms  represented  by  two  lengths  L,:,  and  Z,c.  The  simple 
form  of  equation  (9)  is  apparent  only  if  one  length  is  much  shorter  than  the  other.  The 
complexity  of  the  effect  of  a  magnetic  field  arises  in  the  form  one  should  take'  lor 
[dGldt\u  in  equation  (2).  The  inelastic  scattering  is  simply  represented  by  our  relaxation 
time  approximation,  namely  [<iG7dr]m  =  G/rm.  For  simplicity,  let  us  approximate  the 
effect  of  the  magnetic  field  by 

[3G/f)/]B  =  Cm,.  (12) 

If  Lb  <  L, where  Lb  =  ( DI(oc )' :.  the  wavefunction  according  to  equation  (7)  will  be 

t p  =  {Air)  exp(-r/Tfl)  exp(iA'  ■  r).  (13) 

However,  even  in  the  absence  of  diffusion  due  to  elastic  scattering,  the  wavefunction 
V»  is  not  extended  and  can  be  written  as 

V'  ~  exp(iA'  ■  r)  exp(  -{{r/L^.  (14) 

Usually  the  modulation  of  over  a  distance  larger  than  Z.c  is  not  important  and  the 
metallic  conduction  is  observed.  However,  here  in  two  dimensions,  Lc  can  be  the 
normalisation  length  of  equation  (13)  if  Le  <  LB ■  Indeed  this  is  always  the  case,  since 

Lb  =  (}Krl)':Lc  (15) 

and  1.  >o  that  LB  >  Lc.  This  gives  do  —  In (LJl)  according  to  Kaveh  and  Mott 
(1981  a),  Z  c  being  the  normalisation  length  in  equation  (13)  rather  than  Lp.  This  argument 
explains  why  the  digamma  function  extrapolates  for  large  B  to  In (Lcl)  and  not  to 
In (Ta/Z).  Thus  the  effect  of  a  magnetic  field  is  unique  in  that  it  introduces  a  length  scale 
which  is  independent  of  the  diffusion  constant  D. 

In  gener  1, 

do(T,  B)  =  (eVrrVi)  ln[Z,d( T,  B)!l]  (Id) 

where 

Ld(7,  B)  =  (Lt„2(T)  +  LC-2(Z?))  !.  (17) 

This  unifies  the  effect  of  the  magnetic  field  to  the  idea  of  a  one-scale  length  function. 
This  also  simplifies  the  result  of  Hikami  et  al  (1980)  and  Altshuler  ct  id  (1980)  b> 
approximating  their  digamma  ( i/O  function  into  a  simple  length  dependence.  In  figure 
2,  expressions  (11)  and  (16)  are  compared  as  a  function  of  the  ratio  Z.,,,  'Z.C,  for  constant 
Lc.  Equations  (11)  and  (16)  are  normalised  in  the  regime  of  L,„  dominating  and  Z.. 
dominating  respectively.  The  important  point  is  that  the  shapes  are  very  similar  in  the 
region  where  ~  ZL,n,  and  we  find  a  temperature-dependent  magnetorcsistance.  The 
effect  of  the  constants  is  noted  in  the  caption  to  figure  2. 
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We  now  turn  to  the  etfect  of  a  static  electric  field.  The  effect  of  this  field  can  he 
generalised  by  an  argument  developed  by  Kaveh  and  Mott  ( 1081c)  in  their  discussion  of 
the  validity  of  the  scaling  theory.  The  electron  alu  ays  undergoes  a  random  walk  in  the 
presence  of  an  electric  field  /•'.  The  change  in  energy  of  the  electron  in  travelling  the 
diffusion  length  /.  varies  between  r.el'L.  When  this  energy  is  less  than  the  diffusion 
energy  hI)IL:  it  can  be  neglected.  This  is  always  the  case  for  small  electric  fields  and 


il, 


Figure  2.  Here  we  show  the  calculated  change  in  conductivity  do  against  /  „'LC  lor  varying 
L, „.  Curve  A  is  the  graphical  representation  of  equation  (15):  similarly  B  is  equation  (11) 
normalised  to  til  in  the  high  and  low  ,  limns  In  the  limit  do  according  to  equation 

(16)  varies  as  ln(/;  l.i).  whereas  according  to  equation  (11)  (the  digamma  function),  this 
variation  is  ln(f  2l.il  When  i.e.  fl-»  *.  equation  (16)  gives  do  varying  as 

In (f/C,:),  whereas  the  digamma  function  (equation  (11))  gives  do  varying  as  ln(2/:  /.;)  - 
1.96.  The  differences  due  to  the  constant  factors  appear  to  he  related  to  the  mathematical 
details  rather  than  the  physical  processes  Our  fitting  procedure  eliminates  their  effect 
without  changing  the  shape.  This  corresponds  to  the  real  situation,  as  experimentally  it  is 
only  the  change  in  owhich  is  important.  T  he  effect  of  the  approximation  in  equation  ( 12)  is 
that  as  fi  — •  0  do  varies  as  H  rather  than  the  more  physically  reasonable  B~ .  which  comes 
more  from  the  rigorous  treatment  of  Altshuler  el  a!  and  Hikami  er  al  and  w  as  observed  by 
Kawaguchi  and  Kawaji. 


large  inelastic  scattering  rates  (which  cause  a  small  diffusion  length).  However,  a  critical 
length  Lf  is  always  found  for  w  hich 

eFlr  =  fiD/Ly  (18) 

as  the  field  increases,  i.e. 

Lr  =  (hDleF)x\  (19) 

Thus  the  electric  field  may  change  6a  at  any  temperature  through  a  ln|Z.j(7\  F)/l) 
dependence,  where 

UT,  n  =  (Li2  +  l;2{T))-]*. 


(20) 
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Consequently,  increasing  /-'tends  to  delocalise  the  wavefunction.  For  large  Fand  B  we 
must  have 

Z-d(F,  B)  =  (L?+  F: -’(/?))  (21) 

An  AC  field  may  he  represented  hv  a  length  L,„  -  ( l)/u> )' :  (Gorkov  et  ill  1479).  \S'e 
see  that  the  ac  electric  field  and  the  static  magnetic  field  can  he  represented  by  similar 
length  scales;  these  result  from  the  period  in  time  that  the  perturbation  acts  on  the 
electron.  In  the  case  of  an  AC  field  it  is  Via.  w  here  m  is  the  frequency  and  in  the  case  of 
a  magnetic  field  it  is  l/ay,  where  is  the  cyclotron  frequency.  Of  course,  as  1  <a,  leads 
to  the  length  LB  it  is  not  of  great  practical  significance.  Lh  always  being  greater  than 

We  now-  turn  to  the  experimental  verification  of  the  universal  curve.  We  have 
measured  the  conductivity  of  a  (UK))  orientation,  n-channel  Most  t  t  at  temperatures 
between  50  mK  and  1  K  in  the  ‘metallic  regime’  (k/7  -  4,  R  =  3.4  kQ).  Three  par¬ 
ameters  were  varied:  temperature,  electric  field  and  magnetic  field:  and  logarithmic 
corrections  to  the  conductivity  were  observed  as  a  function  of  each  (Bishop  et  a!  1981). 
Uren  et  al  1980,  1981). 

For  ohmic  electric  fields,  and  at  a  lattice  temperature  of  ~50mK.  the  change  in 
conductivity  do  was  proportional  to  In  B.  so  that  Z.j  was  ~L(.  i.e.  and  Z.f  £•>  Z.d.  We 
have  plotted  do  against  Le  as  crosses  in  figure  J.  For  zero  magnetic  field  and  ohmic 
electric  fields,  do  *  In  T.  Here  the  length  was  set  by  the  inelastic  scattering  length  Z.,.,(  T). 
which  in  this  case  was  due  to  electron-electron  scattering.  The  inelastic  length  was  found 
by  use  of  the  negative  magnetoresistance  described  by  equation  (11)  (Kawaguchi  and 
Kawaji  19S0.  Uren  et  al  1981 ).  Fitting  tins  expression  to  the  experimental  data  gave  r,„ 
and  hence  L,n.  These  lengths  are  indicated  in  figure  1  as  open  circles 

The  effect  of  the  electric  field  is  more  complicated.  The  observed  do  *  In  /‘depend¬ 
ence,  for  zero  magnetic  field  and  low  lattice  temperature,  may  be  due  to  field-induced 
heating  of  the  electron  gas  to  a  temperature  well  above  that  of  the  lattice.  This  will  result 
in  an  electric  field  dependent  Lm  (Anderson  etui  1979).  Alternatively,  the  electric  field 
could  set  the  new  length.  Z-rof  equation  (19).  directly.  L,  was  found  to  lie  in  the  broken 
region  of  the  universal  curve  for  the  electric  fields  used  in  the  experiment.  This  implied 
that  Lf  t>  L,„  for  the  conditions  used  and  so  the  heating  mechanism  was  dominant. 
However,  for  lower  lattice  temperatures  and  electric  fields.  must  eventually  become 
the  shortest  length .  The  heating  model  gave  the  electric  field  dependence  of  Z.„,(  F)  w  hich 
is  plotted  in  figure  1  as  dots. 

Excellent  agreement  was  found  between  the  conductivities  set  by  Lm  and  Z.c.  both 
lying  on  a  common  curve.  This  is  good  evidence  that  the  concept  of  the  shortest  length 
is  correct  and  that  the  proposed  lengths  correspond  to  the  shortest  lengths  in  the  system. 
Details  of  the  transition  between  these  lengths  will  be  published  shortly. 

Thus,  to  summarise  we  find  that  the  diffusion  corrections  to  the  conductivity  of  a 
two-dimensional  disordered  system  are  univ  ersally  given  by  equation  (9).  where  Z.j  may 
depend  on  five  variables  and  is  given  by 

Ld  =  (L'2  +  L;2  +  L-,2  +  Lf2  +  L-2)12.  (22) 

In  our  experiment  we  succeeded  in  verifying  equation  (22)  for  two  length  scales  Lm  and 

L(. 
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Abstract.  We  discuss  the  effect  of  a  magnetic  field  on  the  weak  localisation  of  a  rw 
dimensional  electron  gas.  It  is  shown  that  due  to  quantum  corrections  the  elf  ctrcn-electr  -. 
relaxation  time  r„  varies  with  electron  temperature  T  ast;,1  -  A  \T  +  .'1 ;  /  .  in  re  tcir.rc '  - 
ature  range  3  K-0.1  K.  This  short  r«  causes  a  rapid  transition  between  states  wnich  are 
weakly  localised  and  so  reduces  the  logarithmic  correction  to  the  conductance. 


Negative  magnetoresistance  in  the  Si  inversion  layer  was  first  found  by  Eisele  ar.  J  Dor>_.y 
(1974).  Subsequently  Pollitt  era!  (1976)  showed  that  the  magnetoresistance  beca.T-.- 
positive  as  soon  as  the  Fermi  level  passed  below  the  mobility  edge  and  conduction  w 
by  hopping.  Kawaguchi  er«/(  1978)  found  that  the  negative  magnetoresistance  depended 
only  on  the  normal  component  of  the  magnetic  field,  a  result  which  excludes  spin  effects 
as  the  cause  of  the  behaviour. 

It  has  been  suggested  that  as  a  consequence  of  diffusion,  i.e.  elastic  scattering. 
states  are  weakly  localised  in  two  dimensions  (Abrahams  et  al  1979,  Gorkov  e:  al  l1-'  - . 
Houghton  ctal  1980,  Haydock  1981.  Kavch  and  Mott  1981a.  b).  At  finite  temperatur  es 
the  weak  (power  law)  localisation  will  produce  a  correction  to  the  conductance  So. 
where 

Act  =  (-2ae2l!Cti)  In  {Lit)  (1) 


L  is  the  inelastic  diffusion  length  and  /is  the  clastic  mean  free  path,  n  is  a  constant  ar.  J 
the  factor  of  2  arises  from  the  valley  degeneracy.  This  law  is  found  below  ~  1  K  iBish 
eta!  1980,  Uren  et  al  1980).  Hikami  ctal  (1980)  and  Altshuler  ctal  (1980a)  have  show  *i 
that  the  effect  of  a  magnetic  field  is  to  alter  the  length  scale  in  equation  ( 1 ).  The  correctie  n 
becomes 


4e/?r. 


Id)  *  ,n(' 


/ 4eBDv | 


<-) 


where  t//  is  the  digamma  function.  r,„isthe  inelastic  scattering  time  and  D  is  the  diffuse  :i 
coefficient  of  electrons  at  the  Fermi  level;  we  assume  a  valley  degeneracy  of  2.  T  .  .e 
length  scale  is  now  set  by  both  the  temperature-dependent  inelastic  length  L  and  tr  e 
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temperature-independent  cyclotron  radius  Lcyc.  When  L  <  iC  the  magnetic  field  has 
little  influence  on  the  temperature  dependence  of  the  logarithmic  correction.  Decreasing 
Lc yC  modifies  this  until,  when  Z,cyt  <s  L,  the  temperature  dependence  is  lost,  although 
the  negative  magnetoresistance  remains.  We  have  observed  this  behaviour  and  will 
report  it  in  more  detail  later. 

Kawaguchi  and  Kawaji  (1980a,  b)  have  shown  that  the  values  of  t,„  extracted  from 
equation  (2)  vary  as  Tn  above  2  K,  where  P  =  2  at  high  values  of  carrier  concentration 
and  decreases  at  lower  values.  This  suggests  that,  as  expected,  the  inelastic  scattering 
was  electron-electron  type.  The  result  implies  that  even  if  the  logarithmic  correction  is 
not  observed  due  to  the  dominance  of  other  scattering  mechanisms  (Cham  and  Wheeler 
1980,  Stern  1980),  equation  (2)  is  still  found  as  the  other  mechanisms  are  insensitive  to 
small  values  of  magnetic  field. 

In  an  earlier  Letter  (Uren  etal  1980)  we  showed  that  a  magnetic  field  suppressed  the 
logarithmic  term  arising  from  the  localisation  and  also  enhanced  another  logarithmic 
mechanism.  This  was  thought  to  be  the  Coulomb  interaction  model  of  Altshuler  et  al 
(1980a).  However,  our  discussion  of  the  screening  in  the  treatment  of  Altshuler  et  al 
(1980a,  b)  was  incorrect,  and  we  now  suggest  that  this  mechanism  is  not  Coulomb  in 
origin.  It  is,  however,  closely  related  to  that  of  Altshuler  et  al,  except  that  the  energy 
shift  is  produced  by  the  effect  of  the  magnetic  field  on  the  spin  distribution.  Further 
details  will  be  published  later. 

In  the  devices  used  for  this  work  /  was  sufficiently  great  that  the  localisation  could  be 
entirely  suppressed  by  the  magnetic  field  without  observation  of  the  second  mechanism . 
In  this  Letter  we  present  results  on  the  electron-electron  scattering  for  kfl  ~  4,  and 
show  that  the  electron-electron  scattering  rate  is  modified  by  impurity  scattering. 
Furthermore,  the  deviation  from  the  normal  T~2  behaviour  persists  down  to  -0.1  K, 
and  the  loss  of  temperature  dependence  below  ~2  K  found  by  Kawaguchi  and  Kawaji 
(1980b)  was  probably  due  to  electron  heating  in  that  experiment. 

Our  experiments  W'ere  carried  out  on  (100)  silicon  mosfets  (silicon  gate)  in  the 
temperature  range  0.1-4  K.  The  samples  were  250  x  250  pm  with  conventional  Hall 
probes  spaced  at  1  and  3  of  the  channel  length.  All  the  resistance  measurements  were 
four-terminal,  using  low-frequency  ac,  although  there  was  no  obvious  contact  resistance 
in  the  specimens  used. 

In  the  range  0. 1-0.6  K  the  magnetoresistance  was  measured  in  a  dilution  refrigerator 
with  magnetic  fields  between  0  and  0.25  T.  Above  this  field,  the  interaction  regime  is 
entered.  In  figure  1  the  change  in  resistance  A R  (/?(/?)  -  R{B  =  0))  is  plotted  against 
log  B  for  two  different  electric  fields  (labelled  A  and  B).  the  lattice  temperature  being 
maintained  at  50  mK. 

Fitting  equation  (2)  gives  the  full  curves  in  figure  1  showing  reasonable  agreement 
with  experiment.  In  the  previous  work  of  Bishop  et  al  and  Uren  et  al.  the  valley 
degeneracy  was  ignored.  I  lowever,  it  seems  cle  '■that  it  should  be  included  and  wc  have 
done  so  here.  For  the  valley  degeneracy  of  2  this  gave  n  -  0.28  ±  0.02,  which  did  not 
appear  to  alter  with  electric  field  or  temperature  as  was  found  by  Kawaguchi  and  Kawaji 
(1980a).  O'  is  a  constant  which  should  be  1  or  I  depending  on  the  spin  flip  scattering 
length,  so  the  low  values  found  experimentally  are  still  unexplained. 

The  effect  of  increasing  the  electric  field  is  to  increase  the  electron  temperature 
above  that  of  the  lattice  (Anderson  et  al  1979).  By  comparing  a  change  in  resistance 
against  T  with  the  change  against  F.  the  electron  temperature  corresponding  to  a 
particular  field  can  be  extracted  (Fang  and  Fowler  1970).  This  analysis  should  be  true 
provided  the  electron-electron  scattering  time  is  shorter  than  the  electron-phonon 
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relaxation  time,  which  the  observed  dependence  of  electron  temperature  on  electric 
field  shows  to  be  the  case.  Furthermore,  this  procedure  is  valid  regardless  of  the 
particular  mechanism  dominating  the  conductance.  The  values  of  rcc  for  each  electron 
temperature  were  found  from  fitting  equation  (2)  to  the  experimental  data  and  are 
plotted  in  figure  2.  Jn  the  temperature  range  0. 1-0.6  K  the  heating  was  accomplished  by 
the  electric  field  and  the  values  of  r«  are  2  x  10~,0-2  x  HT11  s.  In  the  range  1  K~3Kthe 


Figure  1,  The  change  in  resistance  is  plotted  against  log  H.  The  curves  are  theoretical  plots 
for  a  =  0.2S.  A  and  B  are  for  a  lattice  temperature  of  ~50mK  and  electric  fields  of  0.2  and 
2  V  m  1  corresponding  to  electron  temperatures  of  110  ±  10  mK  and  550  i  50  mK  .  C  and  D 
are  for  ohmic  electric  field  and  temperature  of  1.2  K  and  2.1  K.  Metallic  resistance  is  3.4 
andfy,„,  is  3.8  x  10'5m'!. 


magnetoresistance  was  measured  in  the  ohmic  regime  and  the  values  of  rec  are  (5- 
1)  x  J0~l2s.  The  magnetoresistance  effect  vanished  at  about  4K  when  t  ~t,„  (t  = 
5.7  x  10'  13  s  for  the  value  of  Er  used  in  these  experiments),  which  is  expected  as  the 
logarithmic  correction  should  disappear  when  this  equality  occurs.  Good  agreement  is 
obtained  between  the  two  temperature  regimes  considering  the  large  systematic  errors 
which  can  easily  occur  in  the  determination  of  r,„. 

Any  fitting  procedure  will  tend  to  produce  artificially  smooth  sets  of  results.  The 
error  bars  represent  the  maximum  ranges  of  smooth  lines  which  could  be  drawn  during 
the  fit  of  electric  field  to  temperature  and  the  lining  of  equation  (2)  to  the  magnctorcs- 
istance.  Additional  errors  can  easily  arise  at  long  scattering  times  because  of  residual 
magnetic  fields.  The  data  fit  a  power  law  of  rin’  =  T' 6  fairly  well,  but  no  physical  reason 
to  expect  this  exponent  exists. 
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Figure  2.  The  log  of  r,„  extracted  from  equation  (2)  is  plotted  against  the  log  of  the  electron 
temperature.  In  the  temperature  range  0. 1-0.6  K  the  heating  was  accomplished  using  an 
electric  field,  and  in  the  region  1.2  K-3  K  the  lattice  temperature  was  changed  with  ohmic 
electric  fields. 

According  to  Landau  rc“.'  «  r.  where  e  is  the  energy  of  a  state  measured  relative  to 
£>.  From  the  energy  dependence  of  the  Fermi  distribution  of  electrons  it  is  clear  that 
£  ~  Lb T,  and  thus  r«  x  T 2.  This  argument  takes  into  account  only  the  energy  conser¬ 
vation  of  the  scattering  event.  The  electron  can  gain  energy  kT  but  another  electron 
must  lose  energy  kT\  therefore  the  number  of  available  events  must  be  proportional  to 
T*.  This  argument  docs  not  depend  on  the  momentum  transfer  in  the  process.  This  will 
determine  the  strength  of  rcc  but  not  the  temperature  dependence.  Recently  Altshuler 
and  Aronov  (1979)  and  Schmid  (1974)  pointed  out  that,  for  samples  for  which  kFl  is 
small,  the  Landau  argument  must  be  corrected  to  include  the  finiteness  of  the  mean  free 
path.  This  is  particularly  important  when  the  mean  free  path  is  short,  i.e.  I  ~KF'.  The 
small  momentum  transfer  must  then  be  correlated  to  the  energy  transfer  and  the  r  law 
is  modified.  For  three  dimensions  Altshuler  and  Aronov  and  Schmid  obtained  a  correc¬ 
tion  proportional  to  c12.  Extending  their  ideas  to  two  dimensions,  one  obtains  a  ‘cor¬ 
rection’  proportional  to  c.  Thus  in  two  dimensions,  for  small  values  of  r,  the  ‘correction’ 
term  will  determine  the  electron  damping  time.  Since  for  a  finite  temperature  t 
we  find  reV  ~A\T  +  A:T2.  Our  estimations  for  and  A:  show  that  T  -  1  K  both  are 
nearly  equal.  Therefore,  tor  investigations  of  the  ‘logarithmic  region- of  the  conductivity 
r«  should  tend  to  a  Flaw. 

Our  main  argument  for  the  quantum  corrections  to  rJc1  differs  from  the  previously 
quoted  work  and  is  closely  related  to  the  argument  of  Kavch  and  Mott  ( 1981a,  b)  which 
yielded  the  same  quantum  corrections  to  the  density  of  states  (in  every  dimension),  as 
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obtained  by  Altshuler  and  Aronov  (1979)  by  diagrammatic  techniques.  (A  two-dimen¬ 
sional  T  law  has  also  been  suggested  by  Abrahams  et  a!  (unpublished,  quoted  in 
Altshuler  etal  1980a)).  An  electron  in  state  A'  is  scattered  to  state  A%  by  losing  (or  gaining) 
energy  fuo.  Another  electron  in  state  A'j  must  jump  to  state  A'4  by  acquiring  (or  losing) 
the  same  amount  of  energy.  The  scattering  time  depends  on  all  available  (A';,  A3,  A4) 
states.  However,  conservation  of  momentum  requires  that  if  A':  -  A|  =  q  thenA4  -  Ky  = 
-q.  Conservation  of  energy  gives  E(Ky)  -E(A'i)  =  £(A4)  -  E{K\)  =  tiio.  This  yields 
to  a  restriction  to  the  possible  independent  scattering  events.  In  three  dimensions  we 
are  left  with  five  independent  variables  to  describe  all  possible  scattering  events  for  an 
electron  in  state  AV  It  is  convenient  to  choose  two  energy  variables  and  one  momentum 
vector.  The  five  variables  are  («,  £\.  q):  hw  is  the  energy  exchange  in  the  scattering,  r, 
is  the  energy  of  state  K}  of  the  other  electron  and  q  is  the  momentum  transfer.  This  is 
demonstrated  in  figure  3. 


Figure  3.  The  diagram  shows  the  available  momentum  space  for  each  electron  before  and 
after  scattering. 


In  two  dimensions  there  are  only  three  independent  variables  represented  by  (m. 
£3,  M).  The  argument  we  present  here  is  the  same  for  three  and  two  dimensions  except 
for  the  differences  in  phase  space.  The  electron  damping  time  is  given  by 


f  fkT  rkT 

J  Aqqd  1  Jo  Ho 


(3) 


where  d  is  the  dimensionality.  Since  A;,  A>.  A4  can  rotate  only  over  an  energy  interval  k  T 
this  sets  an  upper  limit  for  the  number  of  scattering  events  which  is  the  upper  limit  of  the 
ctand  £3  integration. 

In  the  usual  Landau  argument  there  is  no  correlation  between  q  and  the  energy  of  a 
state;  the  q  integration  is  just  a  q  phase  space  integration  yielding  a  number  which  is  not 
dependent  on  temperature.  Thus  rcv'  *  7:  in  both  three  and  two  dimensions  (for  one 
dimension  see  a  discussion  by  Kaveh  1  WO). 

The  new  point  here  is  that  for  low  transfer  of  momentum  such  that  q  <  l  1  the 
individual  energy  levels  are  broadened.  In  this  case  the  momentum  q  is  related  to  an 
energy  scale  which  defines  the  energy  broadening  of  a  state  near  £.) .  We  now  divide 
equation  (3)  into  two  contributions;  the  first  corresponds  to  an  integration  over 
l~'<q<  2AV- This  will  yield  the  usual  Landau  result  rcc'  *  p.  The  second  contribution 
comes  from  the  q  integration  for  </</  '.  The  energy  broadening  of  a  state  due  to  elastic 
scattering  of  an  electron  due  to  the  disorder  is  Ul)q~.  This  determines  a  lower  value  of 
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q,  since  we  must  have 

hDq 2  =*  kBT.  •  (4) 

Otherwise  the  broadening  energy  due  to  the  impurity  scattering  is  not  important  on  the 
scale  of  the  energy  transferred  in  an  electron-electron  scattering  of  order  kT.  We 
therefore  require  the  contribution  to  tec  due  to  scattering  events  for  which 

(kBTlhD)'a  <q<  /'.  (5) 


However,  an  important  change  must  be  made  to  equation  (3)  in  the  region  of  momentum 
exchange  given  by  equation  (5).  This  is  seen  by  a  similar  argument  to  that  presented  by 
Kavch  and  Mott  (1981b)  in  their  discussion  of  the  change  of  the  density  of  states  in  a 
disordered  metal.  There  the  energy  broadening  hDq 2  entered  only  once  for  a  particular 
energy  state.  Here,  in  calculating  r«,  we  must  include  the  energy  broadening  twice: 
once  for  the  transition  for  the  Ki  electron  and  the  second  time  for  the  transition  of  the 
Kj  electron  (see  figure  3).  Equation  (3)  turns  out  to  be 


ri-' 

(kT)2 

JlkTih 


d  qq 


(6) 


The  q  integration  is  the  same  as  in  the  calculation  of  the  change  of  density  of  states  due 
to  diffusion  broadening  (Kaveh  and  Mott  1981b).  except  of  course  that  Vee(q)/hDq: 
appears  twice.  It  is  always  the  lower  limit  which  dominates  in  equation  (6)  and  corres¬ 
pondingly  the  Landau  T2  is  modified.  Vec  is  independent  of  q  for  such  small  values  of  q 
and  is  4jt et/K2  for  d  =  3  and  2n e2/K  for  d  =  2,  where  K  is  the  inverse  screening  length. 
Hence,  for  d  =  3,  we  obtain 


(k*T)2 


2  ri-' 


(hD)1  J(*r/*o)* 
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dq/q2 


(7) 


which  is  the  result  first  obtained  by  Schmid  (1974)  by  diagrammatic  techniques.  Our 
method  of  obtaining  equation  (6)  enables  us  to  obtain  easily  the  correction  tor«  for  the 
two-dimensional  case.  For  d  =  2  we  find  from  equation  (6) 


,-t 
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kT 
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(8) 


Thus  in  two  dimensions  the  q  <TX  region  is  more  pronounced  than  in  three  dimensions. 
For  T— *  0,  r«  should  tend  to  a  Flaw  and  the  Landau  result  will  dominate  only  for  higher 
temperatures.  Thus  for  two  dimensions  the  effect  of  impurity  scattering  is  to  produce  a 
new  damping  law  for  an  electron  state: 

tie'  =  A\T  +  A2T2.  (9) 

The  origin  of  the  quantum  correction  to  r«  is  similar  to  the  corrections  one  finds  in 
the  density  of  states  of  a  two-dimensional  disordered  metal.  In  inversion  layers  the 
logarithmic  correction  due  to  electron-electron  interactions  is  difficult  to  observe 
because  of  the  presence  of  localisation  effects.  However,  when  the  localisation  effects 
are  suppressed  the  interaction  effect  on  the  density  of  states  is  revealed  (Uren  etal  1980). 
Therefore  the  existence  of  a  T  term  in  r«  is  consistent  with  a  logarithmic  correction  in 
the  density  of  states.  The  same  follows  for  three  dimensions.  An  observation  of  a  /' : 
dependence  in  the  conductivity  must  correspond  to  a  T  :  correction  in  r«. 

We  accordingly  looked  for  electron-electron  scattering  of  this  form  and  have 
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replotted  the  results  of  figure  2  in  figure  4  in  the  form  of  IT  against  T so  as  to  separate 
these  terms.  Reasonable  agreement  is  found  with  values  of  A\  = 
(3.4  ±  0.6)  x  10'°  K'1  s^andAi  =(8.6  ±  1.3)  x  1010  K~2  s'1,  whichisc  lainlycon- 
sistent  with  a  T  law.  The  T  law  of  electron-electron  scattering  is  cnh.  n  .  it  low  kyl 


■i' 

■s 


riKi 


Figure  4.  l/(t *T)  is  plotted  against  T.  The  straight  line  plot  which  does  not  go  through  the 
origin  indicates  a  r;1  =AtT  +  A{P  law. 


(our  value  is  only  4),  which  is  why  it  is  observed  here.  These  results  and  the  use  of  the 
negative  magnetic  resistance  in  determining  a  universal  length  scale  will  be  discussed  in 
detail  shortly  (Kaveh  etal  to  be  published). 

Thus,  in  summary,  the  negative  magnetorcsistance  in  (100)  mosfets  over  the  tem¬ 
perature  range  0. 1-4  K  has  been  fitted  to  the  theories  of  Hikami  ei  al  (1980)  and  Altshuler 
el  al  (1980b)  and  the  inelastic  scattering  time  has  been  extracted.  This  scattering  time 
varies  as  r,n’  =A\T  +  AiT2  and  is  identified  as  electron-electron  scattering  where 
quantum  corrections  lead  to  a  transition  to  a  Flaw  at  low  temperatures. 

\Ye  thank  Professor  Sir  Nevill  Mott  for  many  discussions  on  this  topic.  M  Kaveh  thanks 
the  SRC  for  a  Visiting  Fellowship;  R  A  Davies  and  M  J  Uren  possess  SRC  Research 
Studentships.  The  low-temperature  measurements  were  performed  at  the  SRC  Ruth¬ 
erford  Laboratory  and  we  are  most  grateful  for  the  help  and  advice  of  Dr  S  F  J  Read  and 
Mr  G  Regan.  This  work  was  supported  by  the  SRC  and  in  part  by  the  European  Research 
Office  of  the  US  Army. 
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Abstract.  We  show  that  by  the  application  of  a  magnetic  field  it  is  possible  to  achieve 
complete  separation  of  localisation  and  interaction  mechanisms  in  two  dimensions.  Measure¬ 
ments  of  the  conductance  of  silicon  inversion  layers  show  that,  at  certain  values  of  magnetic 
field,  it  is  also  possible  to  achieve  metallic  conduction  near  50  mK.  It  is  also  shown  that  the 
appearance  of  the  interaction  mechanism  is  not  strongly  dependent  on  the  direction  of  the 
magnetic  field,  implyingihat  the  origin  of  the  effect  is  in  electron  spin  rather  than  cyclotron 
orbit  motion.  The  implications  for  the  quantised  Hall  resistor  are  discussed. 


It  is  now  well  known  that  the  conductance  of  a  two-dimensional  metal  decreases  logar¬ 
ithmically  with  temperature  at  low  temperatures  (Dolan  and  Osheroff  1979,  Bishop  et 
a/ 1980, 1981,  Uren  era/ 1980,  hereafter  denoted  UDP).  In  our  earlier  Letter,  we  showed 
that  there  are  two  distinct  mechanisms  giving  rise  to  logarithmic  corrections  to  the 
conductance,  and  that  a  transition  between  the  two  may  be  achieved  by  the  application 
of  a  magnetic  field  B. 

For  small  or  zero  B,  carrier  concentration  *=1017  m~2,  and  K?l  >  1  {Kv  is  the  Fermi 
wavevector,  /  is  the  mean  free  path);  in  silicon  inversion  layers  the  dominant  mechanism 
causing  the  logarithmic  correction  is  the  weak  localisation  always  present  in  disordered 
two-dimensional  systems  (Abrahams  et  al  1979,  Gorkov  et  al  1979.  Kaveh  and  Mott 
1981a).  Increasing  the  magnetic  field  suppresses  this  effect  by  making  the 
temperature-independent,  cyclotron  orbit-the  shortest  length  scale  (Hikami  et  al  1980, 
Altshuler  et  al  1980b,  UDP,  Kaveh  etal  1981,  Uren  era/ 1981). 

Increasing  the  magnetic  field  also  causes  a  second  mechanism  to  become  observable; 
UDP  identified  this  as  the  interaction  mechanismof  Altshuler  et  al  ( 1980a)  (Kaveh  and 
Mott  (1981b)  gave  a  more  physical  argument  leading  to  Altshuler's  result).  It  was  not 
clear  why  the  magnetic  field  enhanced  this  mechanism.  According  to  Altshuler  et  al 
(1980a)  the  correction  to  the  conductance  due  to  interactions  is  given  by 

bo=jjj{2-2F)\nT  (1) 

where  the  quantity  F  is  due  to  screening  and  has  a  value  of  0.93  for  a  typical  carrier 
concentration  of  3.8  x  10IS  m~2,  making  the  correction  vanishingly  small. 
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Recently  P  A  Lee  and  T  V  Ramakrishan  (1981  private  communication)  have  sug¬ 
gested  that  the  factor  (2  -  2 F)  is  changed  on  application  of  a  magnetic  field  to  (2  -  F). 
by  the  change  in  spin  polarisation,  provided  gfiB  $>kT((3h  the  Bohr  magneton  and g  is 
the  Land£  factor,  equal  to  2).  This  could  account  for  the  results  of  UDP  that  the 
interaction  mechanism  was  less  stable  than  the  localisation  mechanism  against  an 
increase  in  temperature.  It  also  predicts  a  positive  magnetoresistance  as  well  as  the 
transition  of  (2  -  2 F)  to  (2  —  F).  Evidence,  in  three  dimensions,  for  this  magnetic  effect 
is  provided  by  Rosenbaum  el  al  (1981),  who  find  agreement  with  the  corresponding 
prediction  independent  of  the  magnetic  field  direction.  In  UDP  corrections  to  the 


Figure  I.  Ra  is  plotted  against  log  E  for  various  values  of  magnetic  field  with  a  constant 
carrier  concentration  of  3.8  x  It)1' m  '  and  a  lattice  temperature  of  -  50  mK  The  magnetic 
fields  in  Tare:  AO;  BO  008;  C 0.021;  DO  (M7;  F.  0  074;  F0.I ;  G  0  IS.  li  0.26;  I  0.32;  and  J 
0.52.  The  crosses  mark  the  points  used  for  the  integration  of  the  originally  measured 
differential  resistance.  The  elastic  scattering  length  was  36  nm. 


Letter  to  the  Editor 


L533 


conductance  were  always  present,  the  magnetic  field  altering  the  magnitude  of  the 
variation  with  temperature  and  giving  magnetoresistance. 

The  experiments  reported  here  were  carrie'd  out  on  (100)  orientation  n-channel 
silicon  mosfets,  low  temperatures  being  given  by  a  dilution  refrigerator.  Details  of 
sample  geometry  and  measurement  methods  are  described  in  udp. 

Here,  using  samples  with  a  longer  l  than  in  UDP,  we  show  that  it  is  possible  to 
eliminate  entirely  corrections  to  the  conductance  in  a  certain  range  of  magnetic  field. 
The  small  degree  of  disorder  in  these  samples  meant  that  the  Kpl  =  1  condition  was 
achieved  with  a  carrier  concentration  of  2. 2  x  10'5  m~\  In  figure  1  we  show  the  variation 
of  inversion  layer  resistance  with  electric  field  for  various  values  of  B\  the  effect  of 
increasing  the  electric  field  is  to  increase  the  electron  temperature  and  hence  decrease 
the  resistance.  It  is  seen  that  when  B  =  0  the  resistance  is  initially  ohmic  and  then, 
as  heating  occurs,  decreases  logarithmically,  increasing  again  for  electric  fields 
>1  Vm' l.  This  final  increase  isprobably  due  to  the  temperature  dependence  of  screening 
decreasing  /  (Cham  and  Wheeler  1980,  Stern  1980)  and  will  not  be  discussed  further. 

Increasing  B  produces  the  expected  negative  magnetoresistance  and  a  decrease  in 
the  change  in  resistance  with  electron  temperature.  This  results  from  the  shortening  of 
the  scale  length  determining  the  conductance  correction 

Act »  {-elrfh)  \n{UL) 
where  Ld  is  given  by 

JL  =  (  1  1  \l/2 

La  \Tcyc  Lin/ 


Figure  2.  Ha  is  pinned  against  log  B,  for  small  electric  field  Conditions  arc  as  in  figure  t . 
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Lcyc  is  the  cyclotron  orbit  and  Lw  the  inelastic  length  ( Ka veh  el  al  1 98 1 ,  Uren  et  al  1 98 1 ) . 
This  approximation  is  in  good  agreement  with  experiment  and  the  more  rigorous  theory 
(Hikami  el  al  1980,  Altshuler  el  al  1980b)  except  for  L„c  >  L|N  (small  B)  whcc  it  fails 
to  capture  the  B1  dependence  of  the  negative  magnetoresistance.  It  is  also  apparent  that 
as  B  increases  the  resistance  is  ohmic  to  higher  electric  fields,  i.e.  as  the  cyclotron  length 
decreases,  it  is  necessary  to  heat  the  electrons  more  for  Lw  to  become  less  than  L^c. 

WhenS  >  0.1  T  no  electric  field,  and  hence  temperature,  dependence  is  observable, 
as  Lc yC  determines  Ld  for  all  accessible  values  of  temperature;  the  negative  magneto¬ 
resistance  is  still  present  as  Ld  is  shortened  by  increasing  B.  Increasing  B  above  0.25  T 
results  in  the  observation  of  the  interaction  mechanism.  The  localisation  mechanism  is 
still  present  as  negative  magnetorcsistance  is  seen  at  high  electron  temperatures;  this 
will  disappear  only  when  Z,cyc  /.  i.e.  cucr  s  1  (twc  is  the  cyclotron  frequency  and  ris  the 
scattering  time).  At  higher  values  of  B  (tucr  ~  0.25)  the  positive  magnetoresistance  of 
the  interaction  mechanism  is  observed.  The  50  mK  magnetoresistance,  at  small  electric 
fields,  is  shown  in  figure  2;  it  can  be  seen  to  deviate  at  0.26  T.  This  gives  a  value  of 
gfiB/k  =  350  mK,  in  agreement  with  the  prediction  thatg/fB  >  ATtoliftthcspindegener- 
acy,  making  the  interaction  effect  visible. 

Compared  with  the  results  in  UDP,  the  magnitude  of  the  interaction  effect  (A R  R 


Figure  3.  R0  is  plotted  against  log  E  for  various  'parallel'  magnetic  fields.  The  lattice 
temperature  is  85  mK,  carrier  concentration  is  1.2  x  10"  m:,  and  elastic  scattering  length 
19  nm  The  magnetic  fields  in  Tare:  A  0;  B  0.0’ 3;  C0.052;  D  0. 13;  E  0.92;  F  1 .3;  and  G  2.6. 
Crosses  again  represent  points  used  for  integration. 
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per  decade  change  in  E)  is  much  smaller.  They  should  both  be  similar,  as  they  are  a 
measure  of  the  pre-logarithmic  term  in  cq.  ,  fion  (1),  /■'being  similar  in  both  cases.  We 
suggest  that  this  is  a  result  of  being  close  to  the  wcr  =  1  condition  with  the  greater  /.  Here 
the  theory  will  break  down  as  the  nature  of  the  wavefunction  changes  and  the  condition 
that  kft  >  1  becomes  inapplicable. 

We  have  also  investigated  corrections  to  the  conductivity  with  the  magnetic  field 
parallel  to  the  inversion  layer.  A  sample  with  short  /,  as  in  UDP,  was  again  used;  kFl  = 
3.7  and  l  =  19  tmt  for  the  results  shown. 

Resistance  as  a  function  of  electric  field  was  again  measured  for  a  variety  of  magnetic 
fields,  electron  heating  relating  this  to  the  temperature  dependence.  Some  typical  results 
are  shown  in  figure  3.  Figure  4  shpws  the  magnetoresistance,  at  85  mK,  and  also  magne¬ 
toresistance  for  the  same  sample  with  the  field  perpendicular  to  the  surface,  for  com¬ 
parison.  The  two  sets  of  results  were  taken  on  different  occasions,  so  parameters  differ 


l  it - < - 1_ 

001  01  10 
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Figure  4.  R0  is  plotted  against  log  B  for  two  orientations  of  the  field.  Open  symbols  are  for 
‘parallel'  field  (conditions  as  in  figure  3);  full  symbols  are  for  transverse  field,  temperature 
85  mK  and  clastic  scattering  length  is  17  nm. 


slightly.  A  small  amount  of  negative  magnetoresistance  is  seen  (with  parallel  B  field)  for 
B  <  0.05  T;  we  attribute  this  to  a  small  misalignment  of  the  sample.  Comparison  with 
the  transverse  field  case  suggests  that  the  field  is  in  fact  at  an  angle  of  6°  to  the  inversion 
layer.  The  small  angle  results  in  a  slight  suppression  of  the  localisation  mechanism  and 
an  initial  negative  magnetoresistance.  Kawaguchi  et  al  (1978)  have  shown  that  the 
negative  magnetoresistance  is  only  dependent  on  the  transverse  component. 
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Of  greater  interest  is  the  behaviour  at  higher  magnetic  fields  where  in  both  cases 
positive  magnetoresistance  appears;  this  is  the  onset  of  the  second  interaction  mech¬ 
anism.  With  a  ‘parallel'  magnetic  field  this  effect  is  seen  for  smaller  B,  showing  it  to 
depend  on  the  total  field  and  not  just  the  transverse  component.  It  is  seen  at  smaller  B 
as  the  negative  magnetoresistance,  which  must  be  exceeded,  is  much  smaller  in  this  case. 

This  absence  of  a  directional  dependence  in  the  onset  of  the  interaction  mechanism 
is  clear  evidence  for  it  being  a  spin  rather  than  an  orbital  effect.  In  future  work,  the 
parallel  field  will  allow  a  more  detailed  investigation  of  the  interaction  regime  as  B  can 
be  increased  further  without  the  wct  =  1  limitation. 

Although  we  have  given  an  experimental  demonstration  that,  for  certain  magnetic 
fields,  temperature-independent  (i.e.  metallic)  conduction  can  be  obtained  at  temper¬ 
atures  as  low  as  50  rnK,  it  is  possible  that  an  interaction  correction  will  appear  at  still 
lower  temperatures  when  gpB  >  kT.  However,  as  when  a  magnetic  field  destroys  the 
localisation ,  the  conductance  change  due  to  interactions  is  only  a  correction  term  ( Kaveh 
and  Mott  1981b),  the  metallic  conductance  should  be  restored  at  even  lower 
temperatures. 

We  note  that  the  two  mechanisms  for  logarithmic  corrections  are  not  applicable  to 
the  quantised  Hall  resistor  (von  Klitzing  et  at  1980).  Here  the  condition  is  that  tor  1 , 
and  so  clearly  the  localisation  mechanism  is  completely  suppressed.  In  addition  the 
‘plateau’  of  constant  Hall  resistance  is  found  when  o.x  is  zero,  or  vanishingly  small,  and 
the  current  in  the  x  direction  is  determined  by  olv.  The  factor  of  2  found  for  the  ratio  in 
the  change  of  Hall  constant  to  change  of  resistance  (Uren  et  al  1980,  Bishop  etui  1981) 
is  proof  that  axy  is  not  affected  by  the  interaction  mechanism.  As  the  concept  of  kyl  is 
inapplicable  for  the  values  of  wrused,  the  mechanism  should  be  invalid,  as  indicated  by 
the  observed  decrease  in  logarithmic  gradient  when  tor  approaches  unity. 

Finally,  we  mention  that  the  action  of  the  magnetic  field  distinguishes  between  the 
interactions  studied  here  and  the  two  types  of  localisation,  exponential  and  power  law . 
For  the  case  of  exponential  localisation  the  magnetic  field  shrinks  the  wavefunction. 
thereby  producing  a  positive  magnetoresistance,  localisation  increases  and  conduction 
by  excitation  to  Ec  and  hopping  are  affected  in  different  ways  (Pepper  1979).  On  the 
other  hand,  the  conductance  when  states  are  power  law  localised  is  increased  by  the 
magnetic  field  shortening  the  length  scale.  In  the  same  way  that  the  field  sharpens  the 
distinction  between  conduction  by  excitation  to  £.  and  hopping  in  exponential  localis¬ 
ation,  so  the  distinction  between  the  transport  mechanisms  for  the  two  different  types 
of  localisation  will  be  sharpened. 

We  have  enjoyed  many  discussions  with  Professor  Sir  Nevill  Mott  and  Dr  M  Kaveh. 
M  J  Uren  and  R  A  Davies  receive  SRC  studentships.  These  experiments  were  carried 
out  at  the  SRC  Rutherford  Laboratory  and  w  e  are  grateful  for  the  help  and  advice  of  Mr 
G  Regan  and  Dr  S  F  J  Read.  This  work  was  supported  by  SRC  and.  in  part,  by  the 
European  Research  Office  of  the  US  Army. 


Note  added  in  proof.  Recently  Lee  and  Ramakrishan  have  suggested  that,  in  2D,  if  gpBt'kT  the 
magnetorcsislance  in  the  interaction  regime  varies  as  ( e-'  ft )  (7  4,-rllnfl  We  confirm  this  law  to  a  reasonable 
accuracy  (final  points  of  figure  4).  Poole,  Pepper  and  Glcw  have  recently  investigated  localisation  and 
interaction  effects  in  2D  transport  in  modulation-doped  Cia  As  Here,  due  to  the  smaller  F.  both  the  logarithmic 
corrections  are  present  at  zero  magnetic  field.  However,  the  localisation  can  be  suppressed  by  a  small  value 
of  B  and  the  interaction  effects  remain,  giving  the  Hall  ratio  of  2. 
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Abstract.  We  have  investigated  the  logarithmic  correction  to  the  transport  properties  of  the 
two-dimensional  electron  gas  at  the  (modulation-doped)  GaAs-GaAIAs  interface  in  the 
temperature  range  4.2-0.34  K.  GjAs  is  different  to  Si  in  that,  due  to  the  low  density  of 
states,  the  electron  screening  length  is  greater.  This  allows  the  existence  of  a  signilicant 
logarithmic  correction  from  the  electron-electron  interaction  in  the  absence  of  a  magnetic 
field.  The  experimental  results  are  consistent  with  the  co-existence  of  localisation  and 
interaction  effects  although  the  analysis  is  complicated  by  the  occupation  of  two  sub-bands. 

We  have  investigated  the  electron-electron  scattering  rate  and  find  that,  as  in  the  St 
inversion  layer,  the  temperature  dependence  is  reduced  by  quantum  corrections.  Analysis 
of  the  rate  of  emission  of  phonons  by  hot  electrons  indicates  that  the  phonons  of  importance 
are  two-dimensional. 


It  is  known  that  at  low  temperatures  the  conductance  of  a  two-dimensional  electron  gas 
decreases  logarithmically  with  failing  temperature.  This  effect  has  been  seen  in  silicon 
inversion  layers  (Bishop  et  al  1980.  1981 .  Uren  et  al  1980.  Davies  et  al  1981 .  Uren  et  al 
1981,  Kavehe/a/ 1981).  The  correction  to  the  conductance  Act  due  to  localisation  is 

Ao=  (e2ljrh)a\nT1’2  (1) 

where  a  and  p  are  constants  (Abrahams  et  al  1979.  Gorkov  et  al  1979.  Kaveh  and  Mott 
1981,  Pichard  and  Sarma  1981),  and  for  interactions  (Altshuler  et  al  1980a.  b)  in  the 
presence  of  weak  impurity  scattering 

Act  =  (e’/A-rft)  (2  -  2F)  In  T  (2) 

where  Fis  the  electron-electron  screening  factor  defined  by 
„  I2*  d0 

F  l  2(1  +2kr/K)  (3) 

kf  is  the  Fermi  k  vector  and  A.',  the  2D  electron  inverse  screening  length,  is  given  by 

K  =  m'e2l2jtFFffi:.  (4) 

In  the  presence  of  a  magnetic  field  B  the  localisation  contribution  Aocan  be  quenched 

4  On  leave  from  Plcsscy  Research  Lid.  Caswell,  Towccsler.  Nurlhanls.  UK 
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as  the  cyclotron  diameter  becomes  much  less  than  the  inelastic  scattering  length  (Uren 
etal  1981).  This  leads  to  a  negative  magnetoresistance  described  by  Hikanii  et  al  (1980) 
and  Altshuler  etal  (1980a).  The  conductance  is  now  given  by 
„2„ 


"*  -  55  W* +  dso)  -  v(‘ +  JSSbd)  . 


(5) 


where  oo  is  the  normal  conductance  oj>  =  ncelrlm* ,  ris  the  elastic  scattering  time,  r^  is 
the  inelastic  scattering  time,  D  is  the  electron  diffusion  constant  and  y>  is  the  digamma 
function.  We  have  assumed  that  Tis  is  much  shorter  than  rsoand  rs,  the  two-dimensional 
spin  orbit  and  magnetic  scattering  times  respectively. 

The  interaction  mechanism  is  enhanced  by  a  magnetic  held  which  allows  a  separation 
between  these  two  mechanisms  (Uren  et  al  1980).  The  held  converts  the  (2  -  2F)  term 
to  (2  —  F),  so  enhancing  the  logarithmic  corrections,  provided  g/iB  >  kT  (Lee  and 
Ramakrishnan  1981).  This  results  in  a  positive  magnetoresistance  as  has  been  observed 
by  Davies  etal  (1981)  in  silicon  inversion  layers. 

Altshuler  et  al  (1980a,  b)  calculated  the  effect  of  interactions  on  olv  and  obtained 
A  aiy  =  0.  Thus 

ARh/Kh  =  -2A  ajaxx.  (6) 


where  R»  is  the  Hall  constant.  However,  in  the  localisation  regime  the  Hall  mobility 
varies  with  temperature  in  the  same  manner  as  the  conductance  (Fukuyama  1980),  i.e. 

\R»IRh  =  0.  (7) 


Thus  the  application  of  a  magnetic  field  allows  the  identification  of  the  localisation 
and  interaction  contributions  to  A  a.  Furthermore,  as  has  been  shown  by  Davies  et  al 
(1981),  the  localisation  is  affected  by  the  transverse  component  of  the  field,  whereas  the 
enhancement  of  the  interaction  effect  is  independent  of  the  direction  of  the  field. 

In  the  previous  work  on  Si  inversion  layer  the  interaction  component  was  small  in 
the  absence  of  a  magnetic  field  as  F  was  near  unity .  The  greater  screening  length  in  Ga  As 
results  in  a  much  smaller  value  of  F  for  similar  values  of  carrier  concentration.  We 
therefore  investigated  this  regime  of  behaviour  in  modulation-doped  GaAs  structures. 

If  highly  doped  GaAIAs  is  grown  onto  undoped  GaAs  then,  due  to  the  higher 
electron  affinity  of  GaAs.  electrons  spill  over  from  the  GaAIAs  into  a  narrow  potential 
well  as  illustrated  in  figure  1 .  Since  the  electrons  are  spatially  removed  from  their  parent 
donor  ions  then  impurity  scattering  is  reduced,  resulting  in  high  electron  mobilities  uc 
at  low  temperatures  ( Dingle  etal  1978).  values  of  pc  —  211000  cm*  V  1  s  1  at  10  K  having 
been  reported  (Drummond  et  al  19X1).  The  degenerate  electron  gas  is  quantised 
(Stdrmer  et  al  1979,  Tsui  and  Logan  1979)  and  at  low-  temperatures  transport  is  two- 
dimensional.  The  2D  electron  gas  will  be  referred  to  as  a  2nr.(;.  Our  sample  was  grown 
by  liquid  phase  epitaxy  into  a  multilayer  structure  with  seven  alternate  layers  of  GaAs 
and  8  of  Ga|_  ,AltAs  (x  =  0.3),  all  ~  35(H)  A  thick,  to  form  essentially  14  2t)t  <;  layers  in 
parallel.  The  substrate  was  semi-insulating.  Cr-doped  GaAs.  The  sample  was  of  four- 
terminal  Van  der  Pauw  ‘clover  leaf'  geometry  with  indium  contacts  annealed  in  an  IL 
atmosphere  at  400°C.  It  was  necessary  to  diffuse  in  the  contacts  to  a  sufficient  depth  to 
ensure  that  all  the  2di;g  layers  were  electrically  connected  in  parallel.  All  measurements 
made  were  four-terminal,  using  low-frequency  ac.  The  magnetic  field  was  reversed 
during  both  Hall  and  magnetoresistance  measurements  and  an  av  erage  taken  to  cancel 
out  any  unwanted  offset  voltages.  Following  the  usual  Van  der  I’auw  method,  results 
from  all  possible  contact  configurations  were  averaged. 
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We  measured  Shubnikov-de  Haas  oscillations  in  the  resistance  at  magnetic  fields  up 
to  15  T,  the  differential  of  resistance  showing  additional  structure  above  —2.5  T.  The 
measurements  were  repeated  w  ith  the  sample  tilted  at  various  angles  8  with  respect  to 
the  magnetic  field  direction  as  shown  in  figure  2.  The  oscillations  and  structure  were 
dependent  only  on  the  perpendicular  component  of  the  field  show  ing  that  elec  tron  spin 
splitting,  which  is  independent  of  field  direction ,  was  not  contributing.  This  dependence 
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Figure  1.  Schematic  energy  band  diagram  for  a  GaAs-GaAIAs  interlace  showing  the  for¬ 
mation  of  a  two-dimensional  electron  gas  (2dug). 


further  proves  the  2D  nature  of  the  system  and  leads  us  to  attribute  the  structure  to  the 
occupation  of  a  second  sub-band.  Measurement  of  the  oscillation  amplitude  w  ith  tem¬ 
perature,  below’  2.5  T,  gave  an  effective  mass  rn*  of  0.073  ±  0.003  in  agreement  with 
Stormer  etal  (1979).  Plotting  the  oscillatiomperiodicity  against  MB  gave  a  straight  line 


Figure  2.  Shubnikov  -dc  Haas  oscillations  in  the  differential  of  resistance  are  show  n  for  three 
angles  of  sample  tilt  »  with  respect  to  the  magnetic  held  direction  The  oscillations  are 
dependent  only  on  the  perpendicular  component  of  magnetic  held  indicating  that  two  sub- 
bands  are  occupied. 
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relationship  below  ~2.5T,  as  shown  in  figure  3,  corresponding  to  a  value  of  Fermi 
energy  Er  of  —14.5  meV.  A  frequency  analysis  confirmed  that  two  sub-bands  were 
occupied  with  energies  —26  meV  (lower  sub-band)  and  — 14.5  meV  (upper  sub-band) 
as  shown  in  the  inset  of  figure  3.  This  corresponds  to  an  electron  concentration  n  of 
8.8  x  10"  cm  ;!and4.9  x  10"  cm  :  for  the  lower  and  upper  sub-band  respectively  using 


Figure  3.  The  oscillation  peak  index  from  figure  2(0  =  0°)  is  plotted  against  1  B  The  straight 
line  corresponds  to  a  value  of  E\  —  14.5  meV,  the  deviation  at  high  Helds  being  due  to  the 
lower  electron  mobility  sub-band  of  energy  2ft  me V.  The  peak  index  is  similar  to  the 
Landau  level  index  with  a  phase  change  introduced  due  to  the  differentiation  of  the  resist¬ 
ance.  The  inset  shows  a  schematic  energy  diagram  of  the  2di  g  sub-bands  believed  to  be 
contributing  to  the  conductance. 


our  value  of  m  =  0.073  ma.  The  lower  sub-band  has  a  much  lower  electron  mobility 
than  the  upper  sub-band,  and  thus  it  is  not  observed  until  B  &  2  T  and  has  a  reduced 
amplitude.  The  higher  mobility  in  the  sub-band  is  possibly  a  consequence  of  the  form  of 
the  wavefunction  resulting  in  decreased  scattering  at  the  interface. 

Measurement  of  the  low-field  Hall  constant  RH  initially  gave  a  value  of  98;  however, 
after  reanneating  the  device  contacts  at  a  later  stage  Ri{  fell  to  63  with  a  corresponding 
decrease  in  sheet  resistance  R.  We  concluded  that  initially  only  nine  of  the  2oi  o  layers 
were  contributing  to  the  conductance  and  only  after  the  further  contact  diffusion  did  all 
14  layers  contribute.  All  results  presented  assume  nine  2di;o  layers,  with  2  independent 
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sub-bands  per  layer  whose  contribution  to  the  change  in  resistance  AR/R  is  given  by 

AR  ^  ARtR]  +  AR:R\ 

R  RtR:(R,  +  R:) 

(AR  =  -R2Ao) 


i.e.  the  two  sub-bands  conduct  in  parallel  with  each  other.  The  subscripts  1  and  2  refer 
to  the  lower  and  upper  sub-bands  respectively. 

For  the  two-band  Hall  effect.  Ri{  is  given  by 

p  1  1  +  nJntjfiJui)1 

H  nte(l  +  («yrt|)/<y/r,)2 
and 


1 

-  =  n,ep,  +  n2en2. 


(10) 


Combining  equations  (9)  and  (10)  gives  « ,  ~  1800  cnv  Vs'1  and  ~  14500 cnr  V  s  1 
corresponding  to  values  of  kfl  of  —6  and  —28  where  /  is  the  elastic  scattering  length. 

The  density  of  states,  which  has  been  assumed  to  be  the  same  in  both  sub-bands  is 
3.4  x  1010  e'/cnr  me V,  and  is  lower  than  in  the  ground  sub-band  of  ( 100)  orientated  Si 
(1.7  x  10"  e'/cnr  meV)  because  of  the  single  valley  degeneracy  and  the  lower  w*  in 
GaAs.  This  means  that  the  inverse  screening  length  A.' is  smaller,  leading  to  values  of  the 
screening  factor  Tfrom  equation  (3)  of  0.5  and  0.57  for  the  lower  and  upper  sub-bands 
respectively;  thus  the  Aadue  to  interactions  will  be  significant  (even  at  low  magnetic 
fields  when  gftB  <  kT)  as  predicted  by  equation  (2).  This  is  in  contrast  to  the  silicon 
inversion  layer  where  typically  F  =  0.9.  and  interaction  effects  are  very  small  in  the 
absence  of  a  magnetic  field. 

The  remainder  of  this  paper  is  mainly  devoted  to  the  localisation  and  interaction 
effects.  In  order  to  interpret  the  results  we  adopted  the  follow  mg  procedure,  the  necess¬ 
ary  assumptions  being  justified  later  in  the  paper. 

(i)  The  measured  negative  magnetoresistance  w  as  assumed  to  be  due  only  to  local¬ 
isation  in  the  higher-mobility  upper  sub-band.  This  led  to  values  of  a.  p.  r,s  and  hence 
the  contribution  to  the  total  resistance  change  AR  per  decade  of  temperature  7  for  this 
sub-band  was  obtained. 

(ii)  The  contribution  to  AR  per  decade  of  T from  interactions  in  both  sub-bands  was 
calculated  using  equation  (2).  This  was  experimentally  obtained  by  measurement  of  the 
change  in  R»  w  ith  Tand  using  equation  (b).  The  validity  of  this  procedure  is  only  correct 
if  Fukuyatnas'  prediction  (equation  (7))  is  correct.  The  quantity  gn»B  was  much  less 
than  kTin  our  case,  and  so  the  magnetic  field  will  not  affect  the  interaction  process. 

(iii)  The  remaining  contribution  to  AR  per  decade  of  T  was  assumed  to  be  due  to 
localisation  in  the  lower  sub-band.  The  product  a/>  was  thus  obtained  for  this  band. 

In  figure  4  the  sample  resistance  per  2dec.  layer  is  plotted  against  the  logarithm  of 
temperature,  from  340  mK  to  4.2  K  and  as  a  function  of  8.  Fo.  B  --  0  a  straight  line 
through  the  experimental  points  gives  AR.R  ~  6.6 r'r  per  decade  of  temperature.  Appli¬ 
cation  of  a  perpendicular  magnetic  field.  <0.1  T.  res  '.ted  in  a  negative  magnetoresist¬ 
ance  arising  from  the  quenching  of  the  localisation  contribution  to  AR.  as  shown  in 
figure  5.  This  effect  is  lost  with  field  applied  parallel  Increasing  8  much  above  0.2  T 
resulted  in  a  positive  magnctorcsistance  and  then  Shubnikov-de  Haas  oscillations  as 
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Figure  4.  The  resistance  per  ’nt  t;  layer  is  plotted  against  the  log  of  the  temperature  as  a 
function  of  perpendicular  magnetic  field  1'he  points  for  B  *  0.1  T  were  extracted  from  the 
extrapolated  regions  (dotted  curve)  of  figure  5. 


Landau  levels  were  formed  at  —0.5  T  (just  less  than  u>ct  ~  1).  Clearly,  both  sub-bands 
will  behave  differently  in  a  magnetic  held  since  the  diffusivitv  D  is  a  factor  of  -4  higher 
for  the  upper  sub-band;  also,  the  inelastic  scattering  time  ri\  will  be  greater  owing  to  the 
lower  electron  concentration.  Thus,  according  to  equation  (5),  the  upper  sub-band  will 


Figure  5.  The  change  in  resistance  per  2i>t  c.  layer  is  plotted  against  magnetic  field  as  a 
function  of  temperature  The  dotted  lines  arc  extrapolations  to  ft  =  0.  |  T.  The  full  curves 
are  theoretical  plots  for  a  -  0  82  using  equation  (5). 
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show  negative  magnetoresistance,  as  its  localisation  is  quenched,  before  the  lower 
sub-band.  To  simplify  the  analysis  we  have  neglected  the  contribution  from  the  lower 
sub-band  up  to  0. 1  T  and  assumed  that  at  0. 1  T.  where  a  deviation  from  equation  (5)  is 
found,  all  the  upper  sub-band  localisation  has  been  quenched.  At  higher  fields  Landau 
levels  are  formed  in  the  upper  sub-band  as  Shubnikov-de  Haas  oscillations  dominate 
the  conductivity,  preventing  the  observation  of  the  negative  magnetoresistance  contri¬ 
bution  from  the  lower  sub-band.  A  value  of  ap  —  1.0  for  the  upper  sub-band  was 
obtained  from  the  B  =  0. 1  T  data  points  of  figure  4  using  equations  (1)  and  (8)  with 
ARi  =  0.  The  full  curves  in  figure  5  were  obtained  by  fitting  equation  (5)  with  n  =  0.82 
although  a  temperature-dependent  a  ;>hove  2  K  was  evident,  the  reason  for  this  being 
unknown  at  present.  This  allows.values  of  t|N  to  be  obtained  for  each  temperature,  these 
being  plotted  in  figure  6.  A  straight  line  through  these  points  gives  nN  =  T~l \  i.e.  the 


Figurc6.  The  inelastic  scattering  time  is  plotted  against  the  log  of  the  temperature,  the  values 
having  been  extracted  from  the  theoretical  curves  of  figure  5.  A  straight  line  through  the 
points  gives  tin  &  7"'J. 


constant^  ~  1.2andap  ~  1,0.  This  is  in  agreement  withtheresultsofUren<va/(1981), 
who  also  found  that  quantum  corrections  lowered  the  power  of  temperature  from  the 
Landau-Baber  value  of  2.  Our  value  of  ap  is  the  same  as  that  obtained  from  figure  4 
(B  =  0.1  T),  showing  that  the  approximation  A R\  =  Ois  reasonable. 

The  Hall  constant  Rt i  was  measured  via  the  integration  of  d  V'H/dO  as  a  function  of  B 
and  T.  At  a  constant  temperature  /?(I  was  found  to  be  constant  over  the  range  0.02  to 
0.10T  (the  maximum  field  measured)  to  within  the  accuracy  of  measurement  of  0.5rr . 
as  would  be  expected  from  Fukuyama’s  prediction  (equation  (7)).  Thisof  course  assumes 
that  Act,,  due  to  interactions  is  constant  over  this  range,  which  should  be  the  case  since 
gfiB  is  always  less  than  kT(g  =  0.52  forGaAs:  Ando  and  Uemura  1974)  Below  0.02  T. 
structure  (illustrated  in  figure  7)  in  K(i  was  seen  which  was  strongly  temperature  depen¬ 
dent,  being  zero  at  4.2  K  and  increasing  to  as  much  as  a  IS'ir  change  in  at  340  mK. 
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The  origin  of  this  effect  is  unknown,  although  since  it  persisted  with  magnetic  field 
parallel  it  possibly  arises  from  an  electron  spin  or  a  3D  contact  effect.  Similar  structure 
was  observed  in  a  second  sample  investigated. 

Because  of  the  structure  the  temperature  dependence  of  Rtl  was  measured  in  the 
regime  where  the  structure  was  not  apparent.  Rn  was  found  to  increase  with  decreasing 
temperature  and  is  plotted  as  A RhIRh  in  figure  8  along  with  A RIR  (B  =  0)  and  the 
calculated  change  in  resistance  AR""/R  due  to  interactions  only.  All  the  plots  are 
normalised  to  T  =  4.2  K;  a  value  of  A R""IR  of  1.9%  per  decade  of  temperature  was 
obtained  from  equations  (2)  and  (8)  using  our  calculated  values  of  F of  0.57  and  0.5.  It 


BIT) 

Figure  7.  A  typical  chart  recording  of  the  differential  Hall  voltage  against  magnetic  held 
illustrating  structure  below  0.02  T. 


can  be  seen  that  A RrfRu  is  approximately  2  A R"":R  as  predicted  by  equation  ( 6<v ) .  The 
product  ap  ~  1.0  obtained  from  the  negative  magnetoresistance  similarly  gives  the 
change  in  resistance  contribution  of  2.2%  per  decade  of  temperature  for  localisation, 
from  the  upper  sub-band  AR\,JR.  from  equation  ( I ) .  The  total  change  tn  resistance. 
(A RIR)  ( B  =  0)  =  6.6%  per  decade  of  temperature,  should  be  equal  to  the  sum  of 
A  R'nlIR  and  ARhKiR  where  the  contribution  from  both  sub-bands  is  included.  This  means 
that  a  factor  of  -'-2.5%  per  decade  of  temperature  should  be  due  to  localisation  in  the 
lower  sub-band  corresponding  to  ap  ~  1. 15  obtained  from  equations  ( 1 )  and  (8).  Thus, 
within  the  approximation  made,  ap  is  similar  for  both  sub-bands. 

The  differential  device  output  voltage  di  d /  was  measured  as  a  function  of  constant 
current,  and  hence  the  average  electric  field  E.  at  a  lattice  temperature  of  340  mk 
Increasing  E  eventually  heats  the  electrons  above  the  lattice  temperature,  leading  to  a 
decrease  in  resistance  as  the  logarithmic  component  is  reduced.  The  electron  tempera¬ 
ture  T.  can  be  extracted  by  comparison  of  the  change  in  resistance  with  the  plot  of 
AR/R  against  T (at  B  =  0)  from  figure  2.  Tc  is  found  to  he  proportional  to  £'  \  as  show  n 
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in  figure  9,  indicating  that  the  electrons  couple  to  2D  phonons  (Anderson  et  al  1979).  It 
should  be  noted  that  all  previous  measurements  were  made  within  the  ohmic  region  of 
electric  field  (£  <  0.4  Vm  '). 

We  neglect  any  significant  modification  to  our  measurements  due  to  conduction  in 
the  GaAIAs  impurity  band  for  the  following  reasons. 

(i)  The  donor  ion  concentration  Mu  of  10l7cm~3  is  the  same  as  that  required  at  the 
(Mott)  metal-insulator  transition  using  the  equation  for  a  3D  system 

(eM')a0n'd}  ~  1/3  (11) 


Figure  8.  The  percentage  chance  in  the  Hall  constant  (measured  in  the  region  inhere  it  is 
independent  of  magnetic  field)  and  the  theoretical  change  in  resistance  due  to  interactions 
only  are  plotted  against  the  log  ol  the  temperature.  The  final  change  in  resistance  extracted 
from  figure  4  for  B  =  0  is  also  included  for  comparison;  this  is  plotted  in  the  form  of  dots. 


where  au  is  the  Bohr  radius  of  the  hydrogen  atom  (0.529  A),  e  =  12.2  and  m*  =  0.092 
for*  =  0.2  GaAIAs  (Casey  and  Banish  1978).  Thus  a  metallic  impurity  band  may  not 
have  formed.  Our  previous  measurements  on  a  sample  of  bulk  GaAIAs 
(nj  =  1017  cm"’)  have  confirmed  that  conduction  is  activated. 

(ii)  A  large  fraction  of  the  GaAIAs  will  be  depleted  by  the  adjacent  2ot  t.  layers, 
further  reducing  the  number  of  electrons. 

In  conclusion,  we  have  observed  localisation  and  interaction  effects  in  GaAs  which 
agree  with  current  theories,  although  precise  analysis  of  our  results  is  complicated  by 
the  occupation  of  two  sub-bands. 
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Figure  9.  The  log  of  electron  temperature  7>  is  plotted  against  the  log  of  the  electric  field  E 
for  a  lattice  temperature  of  0.34  K.  The  straight  line  shows  that  T)  *  E . 


We  thank  Professor  Sir  Nevill  Mott,  S  Hikami.  R  A  Davies  and  M  j  Uren  for  many 
discussions  on  this  topic.  The  high  magnetic  field  measurements  were  performed  at 
Nijmegen  University,  Holland  and  we  are  indebted  to  Dr  H  Myron  and  his  colleagues 
who  made  our  visit  most  enjoyable.  D  A  Poole  possesses  an  SRC  Research  Studentship. 
This  work  was  supported  by  SRC  and  in  part  by  the  liuropean  Research  Office  of  the 
US  Army. 


References 

Abrahams  E,  Anderson  P  W.  Licciardcllo  D  C  and  Ramakrishnan  I  V  l«’u  Pins,  /for  Leu  42  6*3 

Altshuler  B  L.  Aronov  A  G  and  Lee  P  A  19S0a  Phys.  Rev  Leu  44  12*8 

Altshuler  B  L,  Khmclntt/'kii  D.  Larkin  \  I  and  Lee  P  A  1980b  Pin  c  Rev  B22  5)42 

Anderson  P  W.  Abrahams  E  and  Ramakrishnur  T  V  1979  Pins  Rev.  Leu  43  7 IS 

Ando  T  and  Uemura  Y  1974  J.  Plies.  Soc.  Japan  37  1044 

Bishop  D  J.  Tsui  D  C  and  Dynes  R  C  1980  Pins.  Rev.  Leu.  44  1153 

-  1981  Phys.  Rev.  Leu.  46  360 

Casey  II C and  Panish  M  B  1978  Heterojumtion  Lasers! New  York:  Academic  Press) 

Davies  R  A,  Lircn  M  J  and  Pepper  M  1981  J  Pins.  C:  Solid  Slate  Pins  19  1.776 

Dingle  R,  Stdrmer  HL,  Gossard  A  C  and  Wicgmann  W  1978  Appl.  Pin s.  Leu  33  665 

Drummond  T  J.  Kopp  W  and  Morkoy  H  1981  Electron.  Leu.  17  442 

Fukuyama  H  198(1/.  Phys.  Sue.  Japan  48  2169 

Gorkov  L  P.  Larkin  A  It  and  Khmclnit/kii  D  1979  JETP  Leu.  30  229 

Hikami  S,  Larkin  A  I  and  Nagaoka  Y  1980  Prop  Theor.  Phys.  63  707 

Kaveh  M  and  Mott  N  F  1981/.  Phys.  C:  Solid  State  Phys.  14  L 1 77 

Kavch  M,  Uren  MJ,  Davies  R  A  and  Pepper  M  1981/,  Phys.  C:  Solid  State  Pin  s  141.413 


•r 


Letter  to  the  Editor  LI  005 

Lee  P  A  and  Ramakrishnan  T  V  1981  Phys.  Rev.  Lea.  in  press 
Pichard  J  L  and  Surma  G  1981  J.  Phys.  C:  SuliJ  State  Phys  in  the  press 

Stormer  H  L,  Dingle  R,  Gossard  A  C.  Wiegmann  W  and  Slurge  H  D  1979  Solid  State  Comrpun.  29  70S 
Tsui  D  C  and  Logan  R  A  1979  Appl.  Phys  Lett.  35  99 

Uren  M  J,  Davies  R  A,  Kaveh  M  and  Pepper  M  19X1  J.  Phys  C  Solid  State  Phvs.  14  395 
Uren  M  J,  Davies  R  A  and  Pepper  M  19X1)/  Phys.  C:  Solid  Stale  Phys.  13  L985 


